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abstract  i^is  j_s  a  second  edition  of  an  earlier  book  by  the  author  "Mechanioa  of 
Aerosols"  (1955).  It  digests  the  literature  on  tha  subject  published  between  195li 
s  and  1959.  Bering  this  time  the  mechanics  of  aerosols  hare  been  developed  very 
erratically*  on  some  problems—  thermophoresis,  diffusion-phoresis,  inertial  settling 
of  particles  at  large  Reynolds  numbers,  sound  absorption  by  aerosols,  gravitational 
coagulation — great  successes  have  been  achieved,  on  other  problems— theory  of  sound 
coagulation,  experimental  study  of  coagulation  in  a  turbulent  flux — almost  nothing 
has  been  done.  So  much  new  theoretical  and  experimental  data  has  been  collected  3n 
this  area  that  the  need  arose  for  t'-is  book.  Location  of  material  and  designations 
in  the  survey  are  the  same  as  in  the  previous  book,  however  for  the  Stokes  number 
we  have  taken  that  presently  accepted  by  the  majority  of  authors,  Stic  -  1^/R  instead 

of  Stk  •  lj/2R.  The  footnotes  give  corrections  of  errors  in  this  book  which  we  re 
detected  after  its  publication.  The  text  ie  broken  down  into  the  following  chapters! 
1.  Dimensions  and  form  of  aerosol  particles;  2.  Uniform  rectilinear  movement  of 
aerosol  particles;  3*  Nonuaiform  rectilinear  movement  of  aerosol  particles;  h. 
Curvilinear- rectilinear  movement  of  aerosol  particles;  5.  Brownian  movement  and 
diffusion  In  aerosols;  6,  Turbulent  diffusion  <f  aerosols;  7.  Coagulation  of  aerosol  a; 
and  8.  Transition  of  powders  to  aerosols. 
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PREFACE 

In  the  five  years  which  have  passed  since  the  publication  of 
the  author  s  book  "Mechanics  of  Aerosols,"  a  great  many  works  have 
appeared  which  pertain  directly  or  indirectly  to  this  field  of 
knowledge.  During  this  time  the  mechanics  of  aerosols  have  been 
developed  verv  erratically:  or.  seme  problems  -  thermophoresis, 
di  fl’us  len-phoresis ,  inertial  settling  of  particles  at  large 
Reynolds  numbers,  sound  absorption  by  aerosols,  gravitational 
coagulation  -•  great  successes  have  been  achieved,  on  other  problems  - 
• heory  of  sound  coagulation,  experimental  study  of  coagulation  in 
a  turbulent  flux  -  almost  nothing  has  been  done.  In  any  case, 
much  new  theoretical  and  experimental  data  has  been  collected 
in  this  area  that  the  need  arose  for  "Advances  In  the  Mechanics  of 
Aerosols . " 

The  survey  of  material  published  under  this  name  envelops  the 
literature  published  approximately  from  1959  to  the  end  of  1959,  and 
■i  iso  s  small  number  of  earlier  works,  omitted  in  the  above-mentioned 
rook.  Location  of  material  and  designations  in  the  survey  are  ’he 
came  as  in  that  book,  however  for  the  Stokes  number  we  have  taken 
that  presently  accepted  by  the  majority  of  authors,  Stk  ■  l,/R 
Instead  of  Stk  *  l^/.?R.  Since  In  an  account  of  new  works  It  is 
necessary  to  constantly  refer  to  older  works,  then  for  the  convenience 
if  the  readers  in  these  references  in  addition  to  the  original 
articles  we  nave  also  shown  the  corresponding  places  in  the  book 


■  .  J— XT-.' h— i-ojj 


''Mechanic  ot’  Aerosols."  Furthermore,  the  footnotes  give  corrections 
.  errors  in  this  book  which  were  detected  after  its  publication. 

The  author  expresses  his  sincere  gratefulness  to  |G.  L.  Natans  on 
ar.d  L.  M.  Levin,  who  critically  reviewfd  certain  chapters  of  the 
survey,  and  I.  B.  Stechkina  who  performed  a  series  of  necessary 
calculations  and  computations. 


_  v  • . 
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CHARTED  1 

DIMENSION  AND  FORM  OF  PARTICLES  IN  AN  AEROSOL 

At  present  the  basic  method  for  the  determination  of  sloe  of 
very  small  aerosol  particles  is  electron  microscopy  which,  however, 
Inapplicable  to  particles  of  liquid  and  volatile  substances. 

With  the  help  of  electron  microsocope  aerosol  particles  with  r  % 

%  10  cm  f 1 ]  have  been  reveaied.  Another  very  important  method  of 
measuring  the  size  of  particles  in  highly  dispersed  aerosols  is 
the  so-called  diffusion  method  (see  p.  82).  With  it  it  has  been 
established  that  in  aerosols  Just  formed  in  the  corona  iischarge 

„  _7 

trom  a  metallic  point  the  radius  of  particles  is  equal  to  O.L'10  cm 

1?]. 


Since  the  time  of  Aitken  meteorologists  have  determined  the 
computing  concentration  of  atmospheric  aerosols,  preliminarily 
condensing  on  particles  of  moisture,  in  counters  of  "nuclei  of 
condensation,"  as  these  particles  are  usually  called.  Apparently 
only  a  very  small  portion  of  particles  containad  in  the  atmosphere 
.badly  moistened  by  water)  cannot  be  detected  by  this  method. 

Junge  L  3  3 »  in  Investigating  the  distribution  of  dimensions  of 
nuclei  of  c;ndensatlon  by  different  methods  —  with  an  impactor 
for  large  particles  and  based  on  electrical  mobility  for  small 
particles  —  established  that  for  particles  with  dimensions  greater 
than  0.1  urn  this  distribution  is  expressed  best  of  all  by  the 
formu la 
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.’ur  .?e  arrived  at  this  formula  in  a  lax  way  from  the  theory  of 

coagulation  of  aerosols. 

At  present  nuclei  of  condensation  with  r  >  1  um  are  called 
gigantic  with  a  radius  lying  between  1  ana  0.1  um  —  large,  and 
with  r  <  u.i  um  —  Aitken. 

Questions  about  the  distribution  of  particle  grades,  about 
different  average  values,  etc.,  are  examined  very  thoroughly  in  the 
rook  by  Herd an  [4], 

Here  it  is  appropriate  to  touch  upon  the  question  about 
advantages  of  working  with  isodlspersed  aerosols.  As  is  s,.own  by  ar. 
■maiysis  of  experimental  works  on  fiitra,'ion  of  aerosols,  their 
r  'eel  pi  tat  ion  in  different  apparatuses,  in  the  respiratory  system, 
etc.,  work  conducted  with  isodispersed  aerosols  a~  a  rule  gives  more 
exist  and  reliable  results.  This  is  explained  by  the  fact  that 
when  working  with  polydispersed  aerosols  it  Is  necessary  to  determine 
n-;  t  only  the  distribution  of  particle  grades  before  and  after 
precipitation,  but  also  the  absolute  number  of  particles  .in  each 
traction,  and  for  this  it  is  necessary  to  count  {usually  with  the  he!; 
of  a  mi  eras  cope )  a  very  large  number  of  particles  in  each  fraction, 
v  uch  measurements  usually  made  visually  (only  the  first  steps  In 
their  autoaut omatior.  nave  been  taken',  are  so  labor-consuming  that 


only  a  ?«w  authors  ca^ry  them 


he  required  extent. 


Switching  to  the  complex  question  about  the  nature  of  the  degre- 
f  dispersion  o:  aerosols  with  nonspheri cal  particles,  let  us  note 
l  ha  re  eery,  iy  in  connection  with  the  appearance  of  phot  oelectrica  1 
apparatuses  fur  the  automatic  counting  and  measuring  of  part ic  les 
precipitated  on  transparent  sublayers  [5l>  singular  importance  has 
beer,  a  cquired  by  the  "projected"  radius  introduced  by  Heywed  l 6  ]  , 

1  .  e .  ,  the  raaius  of  <i  circle,  the  area  of  which  Is  equaw  to  the 
area  of  project  ’  ur.  cf  a  particle  on  the  surface  of  the  sublayer. 


.  | 


since  in  the  majority  of  these  apparatuses  it  is  exactly  this  value 
which  is  oei.ng  determined.  Furthermore,  in  the  well-known  visual 
method  of  determining  particle  grade  under  a  microscope  with  4  he 
help  of  ocular  discs,  discs  will  also  be  selected  with  an  area 
approaching  the  area  of  image  of  the  particle. 

We  will  not  dwell  on  other  methods  of  expressing  the  grade  of 
particles  with  an  irregular  shape.  We  will  only  note  that  the 
important  problem  of  determination  of  vertical  dimensions  of 
particles,  lying  on  a  base  layer,  i  ;  optical  and  electron  microscopy 
is  presently  being  resolved  by  means  of  subshadowing  [Editor1.  NCTE: 
podtene.niye,  Russian  word  not  confirmed]  of  particles  in  a  vacuum 
at  a  ve~y  snail  angle  to  horizontal.  The  question  about,  the  influence 
of  the  method  of  precipitation  of  particles  with  an  irregular  shape 
on  results  of  their  microscopic  examination  is  examined  on  page  7. 

In  connection  with  the  observations  by  I.  Artemov  [7]  abo.it  the 
influence  of  humidity  on  the  rate  of  coagulation  is  NH^Cl  mists,  we 
will  mention  the  observations  by  Dallavalle  and  Orr  [81,  according 
to  whom  the  rate  of  sedimentation  of  aerosols  of  MgO  and,  especially, 
NH(JC1  is  considerably  increased  in  a  humid  atmosphere.  Microscopic 
examination  shows  that  aggregates  of  particles  become  more  compact 
under  these  conditions.  In  ail  probability  this  is  caused  by 
capillary  constriction  of  aggregates  by  the  condensed  water  film. 
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CHAPTER  2 


RECTILINEAR  UNIFORM  MOVEMENT  OF  AEROSOL  PARTICLES 

Resistance  of  a  Medium  tc  Movement 
of  Spherical  Particles 

For  new  technology  t.uere  Is  great  Interest  in  the  question  of 

resistance  of  a  medium  at  very  high  speeds  of  motion  of  particles. 

For  particles,  the  size  of  which  is  considerably  less  than  the 

length  of  free  path  of  gas  molecules,  and  at  velocities  V, 

comparable  with  the  average  velocity  of  molecules  G  ,  Tsien  [9] 

8 

i.nd  Krzywob  lowski  [1C]  derived  the  formula 


_  i 


gtr*n,/nfV~  /  (p  G,). 


(2.1) 


In  which  f  Is  a  rather  composite  function .  At  V  *>  G 


8 


Fti  =sr  ~  xr*ngm,  (P  -  G’). 


(2.2) 


We  will  define  the  question  about  the  value  of  constants  A,  Q  ar.d 
h  in  the  Millikan  expression  for  resistance  of  a  medium 

Fm  «*  —  fitter l  II  -j-  A  Hr  -f  Q  (Hr)  e 

Mi  ! '  1  k an  took  in  the  formula  for  viscosity  of  gas  QnjntGtl  0  -- 
3  0 .  3£L;  ,  wner.oe  for  air  at  760  mm  Hg  column  and  room  temperature 

It  follows  that  t  «  2.  OUT  •!£)“'  cm. 


! 

j 
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At  present  the  value  o  0.199  is  generally  accepted  and, 

_  C. 

accordingly,  l  =  0.653*10  '  cm.  Here  the  Millikan  values  of 
constants  should  change  in  the  following  way:  A  =  1.246,  Q  *  n.42 
and  b  =  0.87.  The  data  mentioned  below  are  relative  to  £  = 

=  0.653*10  cm. 

For  oil  drops  in  the  air  Mattach  [11]  found  A  =  1.300,  Q  = 

=  0.45,  b  =  3-^2.  Schmi f  ^  [12]  worked  with  drops  of  silicone  oil 
(r  =  0.7-1. 2  pm)  in  different  gases  at  pressures  of  10-760  mm  Hg 
column  and  in  nitrogen  obtained  A  *  1.45  +  3$,  Q  *  0.40  ±  10!?  and 
t-  •-  0.9  -  201.  These  values  for  Q  and  b  are  very  close  to 
Millikan;  the  values  of  A  and  sums  of  A  +  Q  are  considerably  larger 
than  for  Millikar  and  theoretically  are  possible  only  with  a  very 
large  O50J)  percentage  of  specular  reflection  of  gas  molecules  from 
the  surface  of  the  droplets  [13]. 

Investigating  water  droplets  with  r  *  0.4- 1.0  pm  in  Millikan 
a  condenser  filled  with  water  vapor  saturated  air,  Gokhale  and 
Gatha  [14]  found  A  *  1.032. 

For  certain  aerosol  investigations  there  is  Interest  in  the 
problem  of  resistance  to  motion  of  a  spherical  particle  along  the 
axis  of  a  cylindrical  capillary.  The  expression  [15]  derived  b” 

Faxon 

fv  -  &tn/V/||  --2.IW  r  R  2,09  (r  Rf  0.95  (rtf)1!.  (2  3) 

"'here  r/B  -  ratio  of  radii  of  particle  and  capillary,  according  to 
model  experiments  by  Bacon  [16]  is  observed  accurately  at  Re  * 

<  0.02  and  r/R  <  1/3 . 

Rotation  of  Particles  in  a  Gradient  Flow 

From  the  general  formula  fop  velocity  of  rotation  of  an 
ellipsoidal  particle,  found  in  £  laminar  flow  with  gradient  of 
velocity  f  [  17 ] 


fallows  that  for  spherical  particles 


This  formula  was  accurately  confirmed  in  model  experiments  with 
glass  balls  (r  =  75-1-40  pm)  in  corn  molasses  at  F  =  0-1.6  s  1  [13]. 

Based  on  the  experiments  by  Sharkey  [19],  following  the 
isokinetic  introduction  of  a  thin  stream  of  soot  suspension  into  a 
.  aminar  current  of  water  through  a  tube,  the  stream  gradually 
c'.ifts  to  the  axis  of  the  tube.  The  further  the  point  of  issue 
f  the  stream  from  the  axis  and  the  greater  the  speed  of  flow,  then 
the  faster  me  shift.  In  the  opinion  of  the  author  this  phenomenon 
is  caused  by  the  Magnus  force,  induced  by  the  rotation  of  particles 
tf  soot  in  the  gradient  flow.  It  is  necessary  to  note  that  for  the 
development  of  the  Magnus  effect  it  is  necessary  that  the  rotating 
particle  possess  forward  motion  with,  respect  to  the  medium.  This 
was  absent  in  the  experiments  by  Sharkey.  Actually,  based  on  the 
experiments  of  Manley  and  Mason  [20]  no  transverse  forces  act  on 
•pheri cal  particles  moving  in  a  gradient  flow.  Furthermore,  the 
-.gnus  formula  is  obviously  applicable  only  at  fairly  large  Re 
numbers.  At  small  Re,  according  to  the  calculations  of  Gars  tang  [21], 

•  he  frontal  force  acting  on  a  spherical  particle  which  is  rotating 
.round  an  axis  perpendicular  to  the  direction  of  forward  motion  does 
not  differ  from  the  force  in  the  absence  of  rotation.  Lateral  force 
!r  most  probably  equal  to  zero  or  is  directed  to  the  side  opposite 

•  .we  Magnus  force  . 

An  analogous  explanation  is  given  by  Tollc  t  [22]  with  his 
l  serv-.it  ions ,  according  to  which  during  the  settling  of  a  system  of 
spherical  particles  in  a  vertU..*!  tube  with  liquid  or  air  (at  Re  * 

=  500-7000 )  the  density  of  the  deposit  forming  on  the  bottom  of  the 
• aoe  increases  from  the  periphery  to  center.  In  this  case  only  beads 
tailing  near  the  wall  have  to  rotate,  but  the  direction  of  rotation 
is  apparently  such  that  the  Magnus  force  should  be  directed  not  to 
the  axis,  but  to  the  wall  of  the  tube. 


Resistance  of  Medium  to  Motion  Nonspherlcal  Particles 


The  question  of  orientation  of  moving  nonspherlcal  particles  is 
of  great  importance  during  microscopic  examination  of  precipitated 
aerosols.  According  to  the  observations  of  Cruize  [23],  confirmed 
also  by  other  authors  [24],  in  the  deposits  obtained  in  a 
thermoprecipitator  the  particles  are  oriented  randomly.  During 
sedimentation  under  the  effect  of  force  of  gravity  in  a  fixed  medium 
or  in  a  laminar  flow  the  majority  of  particles  descends  on  the 
surface  in  the  stablest  position  (flat).  Unfortunately  the  particle 
size  in  the  experiments  by  Cruize  is  r.ot  given.  According  to  data 
by  Timbrell  [25],  random  orientation  of  particles  also  takes  place 
during  sedimentation.  Apparently  the  reason  for  this  difference 
is  the  fact  that  in  one  case  the  experiments  were  conducted  with 
larger  and  in  the  other  with  smaller  particles,  l.e.,  at  different 
Re  numbers.  The  fact  that  in  a  conifuge  [Editor’s  NOTE:  Konifug, 
Russian  word  not  confirmed]  [26]  the  particles  fall  flat  [27] 
is  also  understandable,  since  here  the  settling  rate  is  great. 

Switching  to  the  sedimentation  rate  of  nonspherlcal  particles, 
leu  us  note  that  the  term  "Sedlmentaf 1 ona l  radius"  is  more  preferable 
■  han  the.  commonly  used  term  "Stokes  radius,"  since  this  idea  is  rot 
connected  with  the  Stokes  formula  and  is  fully  applicable  to  those 
large  and  small  particles  for  which  the  Stokes  formula  is  clearly 
unsuitable.  In  certain  cases,  for  example,  in  aerosols  consisting 
of  particles  with  a  different  density,  it  is  useful  to  apply  another 
value,  which  we  will  call  the  "reduced  sedimentation  radius"  cf 
particle.  This  Is  the  radius  of  a  spherical  particle  with  a 
density  equal  to  1  and  with  the  same  rate  of  sedimentation. 

Timbrell  [28]  proposed  a  convenient  method  for  measuring  the 
sedimentation  radius  of  aerosol  particles  with  an  irregular  shape. 
For  this  spherical  particles  from  glass,  polystyrene,  etc.,  are 
added  to  the  aerosol.  A  narrow  stream  of  the  aerosol  is  introduced 
isokineti cally  into  the  middle  (by  height)  of  the  horizontal  plane- 
parallel  channel,  through  which  the  laminar  flow  of  air  Is  taking 
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: .  x'V:e.  On  the  bottom  of  the  channel  is  a  transparent  sublayer,  on 
Ion  the  particles  are  collected.  Then  they  are  examined  under  a 
mi crur cope .  Based  on  the  size  of  beads  they  determine  rQ  of 
particles  of  irregular  shape,  aggregates,  etc.,  which  have  settled 
side  by  side  with  them.  In  order  not  to  make  a  very  long  channel 
for  precipitation  of  small  particles,  they  use  a  channel  which  expands 
to  the  sides.  For  determining  the  radius  of  very  small  particles 
this  method  is  apparently  unsuitable  since  it  is  exceedingly 
difficult  to  completely  remove  thermal  convection  in  the  channel. 
Furthermore,  observance  of  one  more  important  condition  is  necessary 
-  a  sufficiently  small  concentration  by  weight  of  the  aerosol  in 
order  to  avoid  settling  of  the  stream  as  a  whole  [29]. 

in  this  instrument  Timbrell  investigated  the  dependence  between 
projected  r  (see  pp.  2-3)  and  sedimentational  radius  of  particles 
of  glass  and  carbon.  Here,  as  was  noted  above,  the  majority  of 
particles  was  oriented  randomly.  The  rs/rpr  of  glass  particles 
varied  strongly  -  from  0.5  to  1.1.  Mean  value  of  rQ/r  „  equaled 
0.6?  for  glass  and  0.7^  for  carbon  particles. 

Timbrell  also  determined  the  rs  of  doublets  from  glass  beads. 

With  an  identical  radius  r  of  the  particles  making  up  the  doublet,  its 
r<,  equals  on  the  average  1.13  r  (orientation  of  doublets  was 
apparently  ho"lzcntal).  For  the  dynamic  form  factor  of  doublets 
•  (i.e.,  ratio  of  resistance  of  medium  to  motion  of  doublets  and 

spherical  particles  having  the  same  volume)  from  these  data  follows 
the  clearly  oversized  value  *  »  1.2*».  I*,  model  experiments  Eveson 

and  others  [30]  measured  the  sedimentation  rates  of  the  same 
doublets  ir.  a  viscous  liquid  at  Re  <  0.2.  With  a  horizontal  position 
of  doublets,  <  •  1.15  is  found,  arid  with  a  vertical  pc  *  1.0^. 

Based  on  the  theoretical  calculations  of  Faxen  [31]  In  the  last 
case  <  *  1.023. 

Gurel  et  al.  [32]  offered  an  empirical  formula  for  calculating 
the  sedimentation  rate  of  particles  with  a  more  or  less  Isometric 
form  based  or.  their  volume  and  surface,  however  this  formula  is 
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clearly  unsuitable  even  for  the  simplest  case  of  spherical  particles. 

Chowdnury  and  Fritz  [33]  from  their  model  experiments  with 
oeads,  cuues,  octahedrons,  and  tetrahedrons  at  Re  <  0.2  obtained 
the  formula 


X  -  1/(1  -r  0.862  Is  ka).  (2.6) 

where  <  —  coefficient  of  sphericity,  i.e.,  ratio  of  the  surface 

s 

of  a  sphere  with  a  volume  equa  .  to  the  volume  of  the  given  body, 
to  the  surface  of  the  latter.  Values  of  k  calculated  by  this 
formula  are  close  to  those  found  by  other  authors. 

In  the  work  by  Ludwig  [3*0»  who  measured  the  sedimentation 
rate  of  cylinders  in  a  viscous  liquid  at  small  Re,  the  orientation 
of  the  cylinders  is  not  shown,  and  the  results  differ  very  strongly 
from  those  obtained  by  other  authors. 

Van  der  Leeden  et  al  [35]  measured  rates,  obtainable  with 
drops  of  water,  of  solutions  of  surface-active  substances  and 
certain  organic  liquids  with  r  *  1. 8-3-0  mm  when  falling  from 
different  heights.  Considering  that  air  resistance  does  not 
depend  on  acceleration,  but  is . determined  only  by  the  velocity  of 
the  drops,  the  authors  determined  the  value  of  the  coefficient  of 
frontal  resistance  of  the  drop  ^  in  formula  F  y  ~  —  <£tr*y,P'2  in  which 
r  signifies  in  this  case  the  radius  of  an  undeformed  drop.  Since 
with  a  noticeable  deformation  of  falling  drops  Re  equals  1000-3000, 
and  in  this  region  of  Re  values  ujf  for  a  sphere  has  almost  a 
constant  value  'uO .  i) ,  then  here  4)  is  a  function  of  only  the  form  of 
drops.  Using  the  well-known  graph  of  distribution  of  pressures  on 
a  surface  of  a  streamlined  sphere,  Hlnze  [36]  calculated  the  change  of 
form  of  falling  drops.  In  the  first,  approximation ,  mistaking 
deformed  drops  for  oblate  ellipsoids,  Hinze  found  that  relative 
decrease  of  drop  radius  in  the  direction  of  motion  is  equal  to 
0.069  We,  where  We  -  y 'trV*h  -  Weber  number,  o  -  surface  tension  of 
liquid.  Using  ^  values  for  ellipsoids  which  were  found  from 
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experiments  in  a  wind  tunnel  [37]  and  the  Hinze  formula, 

Van  der  Leeden  et  al.  obtained  a  theoretical  curve  (v,  We), 
satisfactorily  agreeing  at  We  «*  1-5  with  experimental  data  from 
the  author  himself  and  other  researchers  (Fig.  1.). 

Movement  of  Aerosol  Particles  in  Limited  Space 

The  question  of  sedimentation  rate  of  a  system  of  particles  in 
.imited  space  (usually  called  "restricted  settling"),  which  is  of 
Teat  interest  for  technology,  lri  recent  years  has  been  treated 
in  very  many  theoretical  and  experimental  works.  Here  we  will  give 
n 1 v  those  forms  of  equations  found  which  are  obtained  at  very 
mall  volume  concentrations  of  the  dispersed  phase  <f> . 

Proceeding  from  the  Idea  of  Cunningham  [38],  but  taking  into 
.ccount  the  reverse  movement  of  the  medium,  Happel  [39]  and 
.wcbara  [40]  obtained  for  the  ratio  of  sedimentation  rate  of  a 
system  of  particles  and  an  Isolated  particle  at  $  -*•  0  the  formula 
\\\s  \~ki'  with  k  -  1.5  [39]  and  1.62  [HO].  Brinkman  [41] 

derived  the  formula  Vj/V4  -  1—2.5^’’,  and  Hauxley  [42]  the  formula 
l  i  V  >,  I  — 4.5 <p  . 


In  experiments  conducted  with  more  or  less  isodispc-rsed 
suspensions,  only  one  author  [43]  obtained  the  formula  VVVj  !  —  2,1  p.’ * 
Results  of  all  the  other  works  are  expressed  by  -he  formula 
V\V\  I  -  kb  -  (I  **)-'  with  k  «  4 .  C  (44,  45];  4  [46]  and  5.4  [4?]. 

Thus,  our  earlier  conclusion  [48]  that  in  the  expression  for  rate 
of  restricted  settling  at  small  concentrat ions  4  should  remain  in 


the  first  power  is  as  if  confirmed,  however,  further  efforts  are 
required  for  the  theoretical  foundation  of  this  conclusion. 

The  basic  difficulty  in  precision  measurements  of  the  ratio 
V^/Vs  at  small  $  is  convection.  As  Wilson  points  out  [49],  in  very 
diluted  aqueous  suspensions  of  glass  beads  with  r  =  1-5  urn  at 
room  temperature  it  is  Impossible  to  obtain  strictly  vertical 
trajectories  of  particles;  this  turned  out  to  be  possible  only  at 
4°,  i.e.,  with  the  coefficient  of  thermal  expansion  of  water  equal 
to  zero.  Only  in  more  concentrated  suspensions  and  aerosols  the 
downward  gradient  of  concentration  is  sufficiently  great  to  suppress 
convection.  This  circumstance  is  frequently  ignored;  furthermore, 
in  aerosols  which  are  not  very  coarsely  dispersed  it  is  difficult 
to  combine  two  conditions  —  sufficiently  high  weight  and  sufficiently 
small  computing  concentrations  (at  which  it  is  possible  to 
disregard  coagulation).  Therefore,  in  the  majority  of  works  based 
on  sedimentometric  analysis  of  aerosols  apparently  large  errors  are 
committed. 


Method  of  Vertical  Electrical  Field 

Until  recently  the  most  exact  method  for  investigation  of  aerosol 
particles,  the  method  of  vertical  electrical  f~eid,  was  inapplicable 
to  large  particles:  for  suspending  such  particles  in  a  Millikan 
capacitor  it  required  such  a  great  field  strength  that  the  phenomena 
of  ionization,  discharge,  etc.  began.  According  to  the  observations 
of  Straubel  [50],  in  the  center  of  a  horizontal  metallic  ring  which 
is  connected  with  a  source  of  alternating  current,  with  a  voltage 
of  several  kilovolts  it  is  possible  to  suspend  and  observe  for  a 
prolonged  time  drops  up  to  100  um  in  size.  Here  the  small  drops 
accomplish  vertical  fluctuations,  but  the  large  ones  are  practically 
stationary . 

A  similar  but  more  Improved  and  complex  device  for  suspending 
large  particles  has  been  developed  by  Wuerker  et  al .  [51].  The 
authors  used  a  capacitor  with  convex  plates,  divided  by  an  isolated 
convex  ring.  Between  the  plates,  and  also  between  them  and  the 
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ring  adjustable  potential  differences  were  maintained.  These  consisted 
of  constant  and  variable  components,  creating  a  nonuniform  field 

in  the  capacitor.  In  the  capacitor  an  adjustable  vacuum  was 

-4  -2 

maintained  from  10  to  10  mm  Hg  column.  From  charged  particles 
of  aluminum  (r  %  10  pm)  introduced  Into  the  capacitor  at  specific 
values  of  potential  particles  were  retained,  which  had  a  charge-to- 
mass  ratio  of  particles  q/m  lying  in  definite  limits,  and  the 
others  were  ejected  by  the  field  from  the  capacitor.  By  regulating 
the  VoJue  of  potentials  and  frequency  of  fluctuations  it  was  possible 
to  control  the  position  and  nature  of  particle  fluctuations  and  to 
accurately  determine  q/m.  With  an  increase  of  pressure  in  the 
capacitor  amplitudes  of  particle  fluctuations  decreased  due  to  an 
increase  of  air  resistance.  Tie  device  is  convenient  for  investigating 
.aws  of  resistance  of  a  gaseous  medium  at  small  values  of  r/1,  with 
particle  fluctuations  corresponding  to  large  Re  numbers,  and  for 
studying  a  number  of  other  problems  In  the  mechanics  of  aerosols. 

Thermophoresis  and  Diffusion-Phoresis 

During  the  last  few  years  much  new  data  has  been  obtained  on 
thermophoresis  of  aerosols.  On  the  basis  of  the  modern  theory  of 
phenomena  of  transfer  In  gases,  Waldman  [52]  and  B.  Deryagln  and 
J.  Bakanov  [53]  derived  a  more  accurate  equation  for  thermophoretlc 
force  at  r  <<  i .  According  to  Waldman 


Xrh,.r, 
fr  -  -1307 


w.ip 


(2.7) 


where  f  -  gradient  of  temperature  in  the  gas,  i.e.,  3/ it  times 
greater  than  the  formula,  derived  by  the  elementary  method,  of 
F.i nstein-Cawood  1  [54 ,  55] 


tT~ 


(2.8) 


The  accommodation  coefficient  for  gas  molecules  on  the  surface  of 
particles  is  accepted  as  equal  to  1.  Thus,  in  this  case  the 
radiometric  force  is  proportional  to  the  square  of  radius  of 
particles  and  does  not  depend  on  pressure,  since  pi  ■  const.  In 


formula  (2.7)  <  signifies  the  relay  segment  of  thermal  conductivity 

cl 

of  gas  equal  to  (15/4)  M/m^,  an',  for  n  the  expression  n  = 

*  0.499  n  m  G  £  is  taken. 

g  g  g 

The  rate  of  thermophoresis  at  r  <<  £  is  equal  to 

11  3/C-f , 

r  “  ~  (f+nei/5 )  8(l-f  «a8)  T '  '2.9) 


Here  a  is  the  fraction  of  diffusely-scattered  particles  of  gas 
molecules . 


In  the  formula  of  Bakancv  and  Deryagin  15tt/128(%0 . 368)  stands 
in  place  of  3/8(%0.375). 

Thus  VT  does  not  depend  on  particle  size  and  weakly  (through  a) 
depends  on  their  nature.  and  VT  are  connected  together,  as  ,t 

Is  easy  to  ascertain,  by  the  formula  of  Epstein  [56]  for  mobility 
of  particles  at  £  >>  r. 


In  case  r  >>  £  the  thermophoretlc  force  is  expressed  [57]  by  the 
formulas 


•*x4nvr# 

'(2*,  +  "/>  f 


(2.9a) 


( < ^  -  thermal  conductivity  of  substance  of  particle).  Since  the 
thermal  conductivity  of  gases  is  considerably  less  than  the  thermal 
conductivity  of  solid  and  liquid  bodies,  then  for  the  rate  of  thermo- 
phoresis  we  obtain  formula 


Vr 


V'fl, 


(2.10) 


Schmitt  [12]  used  a  Millikan  capacitor  wlta  a  heated  upper  plate 
to  investigate  thermophoresis  of  drops  of  silicone  oil  and  paraffin 
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with  r  =  0.7-1. 2  pm  in  various  gases  at  pressures  of  10-760  mm  Hg 
:olumn,  i.e.,  in  an  interval  of  r/l  values  approximately  from 
3  to  20.  From  the  data  obtained  by  the  author  it  follows  that 
approximately  at  r/i  <  G.^  practically  no  longer  depends  on 
pressure,  i.e.,  according  to  the  formula  (2.7)  here  conditions  of 
th°rmophoresis  "at  small  r/l"  begin.  Measurements  showed  further 
that  at  r/l  %  0.31  indeed  is  strictly  proportional  to  r^. 

Figure  2  shows  the  plot  of  Ig  F,p  in  function  r/l  for  drops  of 
silicone  oil  of  various  size  in  argon.  Since  at  r/l  <  5  the  plots 
are  linear,  then  FT  «  exp  (-br/£),  where  corresponds  to 
r/l  -*■  0.  In  all  the  gases,  besides  ,  b  x  O.38.  The  ratio  of 
theoretical  values  of  F^,Q  (formula  2.7)  to  experimental  equals 
'..05  in  ar,  1  21  in  N?,  1.22  in  C02  and  I.36  in  H?  (in  h’2  the 
accuracy  of  measurements  is  doubtful  due  to  the  great  rate  of 
thermophoresis).  A  still  better  conformity  with  theory  is  obtained 
by  the  author  for  the  rate  of  thermophoresis  V^,  (formula  2.5),  in 
wnich  he  considers  a  *  1.  However,  this  contradicts  data  of  the 
xuthor  about  the  mobility  of  particles  (see  p.  *0 . 


Figure  3  gives  the  graph  V*  •  pV  ,'760  (p  -  pressure  in  mm 

;  -  b 

Hg  column)  in.  the  function  r*  %  pr/760  -  0.065*10  r/i  (for  drops 
■i'  silicone  oil),  from  which  it  is  clear  that,  starting  with 
r/l  %  3b  the  rate  of  thermophoresis  ceases  to  depend  on  the  size  of 
particles,  i.e.,  the  area  of  "large  r/i  begins.  Thus,  the 


Fig.  3.  Dependence  of 
rate  of  thermophoresis 
-.1  radluo  vf  droplets. 

T  —  49.  4  deg/cm.  On  the 
right  -  scale  for  H^. 


transition  region  spreads  approximately  from  r/z  *  0.4  to  15-  The 
influence  of  thermal  conductivity  of  particles  on  F^,  starts  to 
nave  an  effect  already  at  r/£  %  3.  The  fact  that  in  H0  the  rate 
of  thermophoresis  of  large  particles  is  greater  than  of  small  is 
explained  by  the  exceedingly  giea*:  thermal  conductivity  of  H?. 

At  large  r/l  the  ratio  of  theoretical  and  experimental  values  of 
equals  Q.83  in  ar,  1.09  in  N_,  0.71  in  CO_t  and  1.07  in  H_. 

*  dec 

From  formulas  (?.d)  and  (2.10)  It  follows  that  the  ratio  f 

rates  of  thermophoi esis  of  particles  with  r  <<  £  and  r  >>  £  ecuals 

S  - 1  - 1 

approximately  0.4  k./k  .  In  air  k  %  6*10  (cal’deg  *s  )  this 
ratio  for  particles  of  organic  substances  has  the  value  2-4,  haCl  % 
%  100,  for  Fe  %  1000 .  Taking  into  account  the  work  of  Schadt  and 
Cadle  (see  below)  the  two  last  numbers,  respectively,  should  be 
decreased  approximately  to  4  and  20.  As  can  be  seen  from  the  data 
of  Schmidt,  the  transition  from  formula  (2-9)  to  (2.10)  occurs  in 
air  at  an  atmospheric  pressure  in  an  interval  of  r  values  of 
approximately  0.025-1  um.  In  this  same  interval  the  rate  of 
thermophoresis  should  continuously  decrease  with  the  increase  of  r. 
Therefore,  in  deposits  obtained  In  a  thermoprecipitator  the  average 
size  of  particles  should  continuously  increase  fiom  front  (turned 
toward  the  flow)  to  the  trailing  edge  of  the  deposit.  This  has 
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Fig.  4.  Segregation  of  NaCl  particles  in 
thermoprecipitatcr . 


already  been  noted  in  t h ■"  literature  [58].  For  an  illustration  we 
present  the  photographs  fr^m  different  sections  of  a  deposit  of  a 
very  polydispersed  aerosol  of  NaCl  in  a  thermoprecipitator 
■ rig.  4  ,  [59]).  These  were  taken  on  an  electron  microscope. 

Similar  photographs  were  obtained  recently  by  Termer  [  60  ]  wit'  a 
mist  of  MgO.  It  is  necessary  t:  note,  however,  that  segregat  no 
; f  particles  by  size  continues  in  the  thermoprecipitator  also  in  the 
region  r  >  1  pm,  where  it  should  have  theoretically  ceased.  Besides 
"he  data  of  Fig.  4  this  is  Indicated  by  the  well-known  fact  that 
starting  with  r  1  2  um  the  effectiveness  of  precipitation  in 
: hermepreclpitatcrs  begins  to  decrease  noticeably  with  an  increase  of 
■  [hi j.  As  calculations  show  [59],  it  is  impossible  to  explain 
•.his  phenomenon  by  inertia  of  particles,  their  rotation  in  the  flow, 

1 : :  i  repulsion  from  the  wall.  It  is  possible  that  large  particles  are 
torn  down  by  the  airstream.  This  question  still  remains 
unanswered . 

Co  had’,  and  Cadle  [62]  passed  different  aerosols  -  comparatively 
i so-dispersed  aerosols  of  stearic  acid  with  r  from  0.15  to  £.5  um, 
p  lydispersed  aerosols  of  NaCl  with  r  »  0.1  and  0 .«?  um,  glycerine 
w  1  *  r,  r  *  C .  < '  5  arid  0.5  um,  and  Fe  with  r  -  0.7  um  —  through  a 
1  re  rmopr e  c i p i t  at  or  with  heated  tape  1.4  mm  wide.  Between  the  tape 
tnd  the  plug  of  the  precipitator  a  plane-parallel  slot  with  a  width 
f  3.15  mm  was  obtained.  Having  measured  the  te-;arnture  of  the 
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tape  and  width  of  the  precipitation  Land  and  disregarding  thermal 

convection  in  the  precipitator  the  authors  calculated  the  value  of 

the  ratio  8e  =  F^/rf  anci  comPare<^  it  with  theoretical  value  of 

this  ratio  p  t  ca'1  c.iated  by  the  formula  of  Epstein.  There  i„  a 

great  deal  of  scattering  in  the  values  8  ,  nevertheless  It  is  clear 

from  them  that  for  particles  with  low  thermal  conductivity  (stearic 
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acid,  k,  -  3.0*’,0  ,  glycerine  —  6. 4*10  )  ts  and  8*  are  values  of 

one  order,  while  for  NaCl  (<  =  1.5*10  ;  8  on  the  average  is 

25  times,  and  for  Fe  (tc^  =  1.6*10  )  —  50  times  greater  than  8^. 

Tnermophcretic  force  for  pa:  tides  of  organic  substances  and 
NaCl  is  approximate  1 y  identical,  and  for  Fe  it  is  approximately 
5  times  less.  This  divergence  cannot  be  explained  by  electrical 
eifects,  since  ^ape  was  connected  with  the  precipitator  housing. 

L.et  us  note  that  all  the  measurements  of  thermophoresis  in  the 
Millikan  capacitor  were  conducted  with  droplets  of  organic  liquids 
which  possess  low  thermal  conductivity.  This  also  explains  the 
concurrence  with  theory  obtained  in  these  measurements.  If  the 
formula  of  Epstein  was  applicable  in  all  cases,  then  metallic 
aerosols  practically  would  not  be  precipitated  in  a  thermoprecipitator. 

In  the  application  of  a  thermoprecipitator  for  investigat ion , of 
aerosols  under  an  electron  microscope  ♦’he  temperature  of  the  gric: 

(or  diapnragm)  on  which  the  film  is  deposited  is  considerably  lower 
than  the  temperature  of  free  sections  of  film,  and  therefore  particles 
are  precipitated  chiefly  on  the  wires  of  the  grid  and  connot  be 
photographed.  Certain  authors  [63,  64]  consider  that  due  to  the 
dependence  of  rate  of  thermophoresis  on  dimension  of  particl<  s  errors 
appear  in  the  determination  not  only  of  concentration,  but  also 
distribution  of  dimensions  of  particles.  This  question  still  Is 
not  clarified;  the  stated  difficulties  can  be  eliminated  if 
precipitation  In  the  thermoprecipitatcr  is  done  on  free  film,  and 
♦•hen  the  grid  is  placed  under  it  [64]. 


Baseci  on  the  experiments  of  Watson  [65],  during  lateral 
illumination  the  thickness  of  the  ’’black”  layer  surrounding  the 


heated  Holies,  i.e.,  a  layer  not  containing  aerosol  particles,  is 
approximately  constant  ever  the  entire  height  of  the  body  and  is 
expressed  by  the  formuia 

h  =  K  (T  —  r*)“p_s,  (2.ii) 

where  K  -  constant,  T  -  TQ  -  d: f ference  of  temperatures  of  body 

and  medium,  p  -  pressure  of  gas.  Value  of  indices  a  %  0.5,  B  %  0.6. 

Theoretical  calculation  of  h  was  performed  by  Zernik  [66].  In 

r.is  opinion  the  thickness  of  the  black  layer  is  determined  by  trie 

interaction  of  two  factors  —  thermophoresis  and  a  comparatively 

small,  normal  to  surface  (and  directed  toward  it),  component  U  of 

free  convection  of  gas.  U  was  calculated  theoretically  by  Schmidt 

pr ck.uann  [67]  and  determined  experimentally  by  Kraus  [68]  for  cares 

of  a  vertical  plate  and  horizontal  cylinder.  Taking  in  the  first 

expression  for  (2.10)  *  0  (which  of  course  cannot  be  done 

since  k.  >  <  ),  Zernik  obtained  for  the  middle  of  the  plate  and  for 
a  a 

a  horizontal  passing  through  the  axis  of  the  cylinder  values  for  h 
which  were  close  to  those  found  by  Watson  [65].  It  is  necessary  to 
note,  however,  that  according  to  the  theory  of  Zernik  for  the 
lower  edge  of  a  heated  body  h  *  0  and  is  gradually  expanded  upwaras , 
while  according  to  the  figures  of  Watson  h  is  more  or  less  constant, 
furthermore ,  as  the  author  himself  points  out,  his  calculations  are 
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applicable  only  at  numbers  Gr  =  10  -10  ,  whereas  in  the  experiments 
of  Watson  Or  *  5*10  -5'10  .  Further,  the  following  Is  still 
Incomprehensible:  .»r  uiese  experiments  a  very  clear-cut  limit  of 

the  black  layer  was  observed,  even  In  the  case  of  a  very 
poiydispersed  aerosol  cf  KgO  with  r  *  0.05-1  um,  and  the  thickness 
of  the  layer  was  identical  for  various  aerosols.  All  these  facts 
Indicate  that  the  concurrence  of  theory  with  experiment  obtained  by 
Zernik  was  apparently  accidental. 

It  is  necessary  to  note  that  for  technology  there  is  much  greater 
importance  in  the  reverse  case  of  thermophoresis  -  solid  aerosol 
particles  settling  on  the  cold  walls  of  boilers  and  heat  exchangers 
made  of  hot.  gases  will  form  a  layer  with  low  thermal  conductivity, 

.■  ons  1  do r at  I y  reducing  heat  transfer  ,  the  efficiency  factor  of  boiler 


Recently  a  series  of  experimental  works  [69,  70]  has  appeared  In 
which  detailed  investigations  have  been  made  of  different  optical 
factors  cn  which  tfc  /  of  photophoresis  (positive  or- negative) 

depends.  In  the  article  by  Rohatochek  [?1]  the  theory  of  different 
types  of  complet  photophoresis  (magnetophotophoresis,  gravitation 
photophoresis,  etc.)  is  thoroughly  expounded. 


Aitken  [72]  already  noted  that  in  the  vicinity  of  bodies  moistened 
by  volatile  liquid  a  black  layer  will  be  formed  even  in  the  absence  of 
temperature  difference.  This  observation  was  then  confirmed  by 
Watson  [$>].  Facy  [73]  described  the  formation  of  a  gradually 
thickening  black  layer  at  the  surface  of  an  evaporating  water 
droplet.  Conversely,  during  condensation  of  supersaturated  steam 
on  a  droplet  aerosol  particles  move  to  it  and  are  absorbed.  Facy 
gave  an  inaccurate  explanation  of  these  phenomena:  he  considered 
that  a  phenomenon  of  diffusion-phoresis  which  is  analogous  to 
thermophoresis  takes  place  here,  i.e.,  movement  of  particles 
caused  by  the  gradient  of  concentration  of  components  of  the  gas 
mixture.  As  we  will  see  belcw,  diffusion-phoresis  indeed  exists; 
however,  in  the  experiments  of  Aitken,  Watson,  and  Facy  the  basic 
role  is  played  by  another  phenomenon,  also  induced  by  gas  diffusion, 
the  Stefan  flow,  i.e.,  hydrodyuamic  flow  of  a  steam  and  gas  mixture, 
directed  normally  to  the  surface  of  an  evaporating  liquid  and 
compensating  diffusion  of  the  gas  to  this  surface  [7*0-  Attention 
was  first  turned  to  this  by  B.  Deryagln  and  S.  Dukhin  [75].  Fate 
of  thi3  flow 

U  —  (2.12) 

where  c*  -  concentration  of  gas,  Dg  -  coefficient  of  diffusion  of 
gas  (or  vapor)  in  a  mixture  of  one  and  the  other.  In  case  of  a 
spherical  droplet  with  radius  R 


,,  «*>»*■ 
t/~  .y*i  — 


(2.13) 


where  cc  -  concentration  of  vapor  at  the  surface  of  drop,  c  -  far 

O  * 


from  it,  p  -  distance  from  center  of  drop,  M  ar.J  M'  —  molecular 
weights  of  vapor  and  gas. 

Movement  of  aerosol  particles,  induced  by  Stefan  flow  in  a  number 
of  cases  has  a  significant  value.  Thus,  during  precipitation  of 
aerosols  by  atomized  water,  in  particular  in  a  Venturi  scrubber, 
with  gas  unsaturated  by  water  vapor  Stefan  flow  prevents,  and  with 
supersaturation  promotes  the  capture  of  particles  by  drops.  Therefore 
neating  of  water  atomized  in  the  neck  of  the  scrubber  and  increasing 
the  evaporation  rate  of  drops  noticeably  lowers  the  effectiveness  of 
the  scrubber  [76].  As  Facy  points  out  [73],  during  condensation  of 
vapor  on  drops  of  natural  clouds  and  fogs  an  intensive  destruction 
of  nuclei  of  condensation  takes  place.  On  the  other  hand,  the 
opinion  expressed  by  Aitken  [72]  and  others  [75]  that  Stefan  flow 
prevents  the  settling  of  aerosols  in  the  lungs  is  apparently 
incorrect,  since  Inhaled  air  is  saturated  by  water  vapor  (and  is 
heated)  already  in  the  traceae  [77]. 

A  theory  of  diffusion-phoresis  has  been  developed  by  B.  Deryagin 
and  S.  Bakanov  [78]  and  Waldmar  [52]  for  the  case  r  <<  i.  In  a 
binary  gas  mixture  the  velocity  of  an  aerosol  particle  equals, 
according  to  Waldman, 


►  i> 


(<"  ,  SU )  L>t  t;r  jU  n( 


(2.14) 


where  ra  -  mass,  and  n  -  concentration  of  molecules  of  components, 

6  ■  1  +  na/8.  Here  the  velocity  of  a  particle  Is  attributed  to  the 
system  of  coordinates  in  which  the  algebraic  sum  of  all  the  gas 
molecules,  intersecting  the  area  element  normal  to  the  gradient  of 
concentration,  is  equal  to  zero.  If  the  gas  is  in  a  closed  vessel 
and  the  gradient  of  concentration  is  identical  everywhere,  such  a 
system  will  be  a  fixed  system  of  coordinates.  Here  is  directed 
to  that,  side  in  which  the  heavier  gas  diffuses  (with  small 
differences  in  the  value  of  coefficient  6).  The  reason  for 
diffusion-phoresis  in  this  case  is  the  following:  the  percentage 
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of  heavier  molecules,  i.e.,  those  possessing  a  great  deal  of 
momentum  bombarding  the  particle  from  one  side  is  greater  than  from 
the  other  side. 

In  the  equation  derived  by  Bakanov  and  Deryagin,  is  expressed 

not  through  D  ,  but  through  masses  and  radii  of  gas  molecules, 

K 

therefore  the  equation  is  more  complex. 

Let  us  underline  once  again  the  distinction  between  diffusioh- 
phoresis  and  movement  of  particles  in  Stefan  flow.  As  can  be  seen 
from  equation  (2.14),  at  m'/’A,  /n^A*  diffusion-phoresis  vanishes, 

while  Stefan  flow  is  preserved. 

In  examining  the  rate  $  of  precipitation  of  an  aerosol  with 
concentration  nQ  on  a  spherical  drop  along  with  condensation  of 
vapor  on  it,  i.e.,  during  the  Joint  action  of  diffusion  of  particles 
themselves  and  Stefanov  flow,  B.  Deryagin  and  S.  Dukhin  [67]  arrived 
at  the  formula2 

.  S*t>tR  »-s) 

cs>  h r  |  - 1 *  (2.15) 

where  D  —  coefficient-  of  diffusion  of  aerosol  particles.  We  see 
from  here  that  Stefan  flow  does  not  affect  precipitation  of  an 
aerosol  on  a  drop  only  at  small  values  of  the  ratio  0t  —  cs)jDt '. 

By  formula  (2.15)  it  is  easy  to  calculate  the  effect  of  Stefan 
flow  during  absorption  of  condensation  nuclei  by  crouds. 

A  direct  measurement  of  repulsion  forces  which  effect  aerosol 
particles  near  an  evaporating  drop  was  undertaken  by  P.  Prokhorov 
[79]-  A  measurement  was  made  of  the  force  effecting  a  silvered  glass 
bead  with  r  %  1  ram  at  various  distances  from  a  water  drop  with  r  • 

■  2  nan.  Basic  difficulty  in  these  experiments  was  presented  by 
convection  currents,  caused  by  a  lowering  of  temperature  of  the 
evaporating  drop.  For  eliminating  convection  the  drop  was  heated 
to  air  temperature  with  the  help  of  a  thin  metallic  filament.  In 


spite  of  these  measures  of  precaution  the  measured  forces  turned  out 
to  be  ^2  times  greater  than  those  calculated  by  the  formula  of 
Stokes  and  (2.13). 

Till  now  we  have  examined  diffusion-phoresis  of  "neutral" 
particles,  i.e.,  those  which  do  not  interact  with  the  gaseous 
environment.  S.  Dukhin  and  B.  Deryagin  [80,  8 1 ]  investigated  the 
behavior  of  a  drop  of  volatile  liquid  in  a  medium  with  a  gradient  of 
concentration  of  vapor  the  same  as  that  of  the  liquid.  In  this  • 
case  the  drop  moves  in  the  direction  of  the  gradient  with  a  speed 
equal  in  first  approximation  (at  c<^c')Vu  ~Dg  ^rad  c!c‘ .  It  is  easy 
to  understand  the  cause  of  this  phenomenon  which  the  authors  call 
"diffusion  polarization'  of  a  drop:  on  that  half  of  the  surface 
of  the  drop  which  is  turned  in  the  direction  of  a  decrease  in 
concentration  of  vapor,  the  evaporation  rate,  and  consequently  also 
the  Stefan  flow  and  rebound  force  induced  by  it  are  greater  than 
on  the  opposite  half;  therefore  the  particles  will  move  in  the 
direction  o'*  increase  in  concentration  of  vapor.  If  the  gradient  of 
concentration  is  created  by  evaporation  of  a  liquid,  then,  as  can 
be  seen  from  formula  (2.13),  diffusion-phoresis  is  exactly 
compensated  by  Stefan  flow  and  in  first  approximation  he  drop  will 
be  stationary.  It  is  a  different  matter  if  the  temperature  of 
the  drop  and  the  surface  from  which  evaporation  occurs  are  different: 
if  the  drop,  as  this  usually  occurs,  received  a  psychrometric 
temperature  Tp,  then  with  a  surface  temperature  less  than  Tp  the 
drop  will  be  attracted  to  it,  and  in  the  opposite  case  be  repulsed. 
This  is  easy  to  understand  from  the  above-cited  reasoning. 

Therefore  freezing  drops  of  natural  clouds  repulse  and  melting 
Icicles  attract  water  drops. 

In  the  second  approximation  even  at  an  identical  temperature 
of  evaporating  drops  between  them  there  should  appear  a  small  force 
of  Interaction,  the  sign  of  which  depends  on  the  substance  of  the 
gas  and  liquid.  For  water  drops  in  air  this  is  e  repulsive  force. 

V.  Fedoseyev  and  A.  Polyanskiy  [82]  measured  the  repulsive 
force  between  two  evaporating  water  drops  with  r  ■  1  mm  at  20°  and 
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60 JE  atmospheric  humidity  and  found  that  with  a  distance  of  0.1  mm 

_4 

between  drops  this  force  Is  equal  to  1.6*10  dyn.  Since  the  aithors 
took  no  measures  to  eliminate  convection,  then  from  these  data  It  Is 
difficult  to  make  any  conclusions. 

In  work  [83]  an  analysis  is  made  of  the  thermophoretlc  effect 
induced  by  cooling,  of  evaporating  drops  for  cases  of  ncnevaporating 
and  evaporating  aerosol  particles.  Here  the  authors  disregarded 
diffusion  effects.  Whereas  calculation  shows  that  depending  on  the 
properties  of  the  liquid,  particles,  and  gas,  and  on  the  particle 
size  either  force  can  predominate,  i.e.  either  attraction  or 
repulsion  develops.  In  the  experiments  described  up  to  now 
repulsion  of  particles  from  the  surface  of  evaporation  was  always 
observed,  i.e.,  a  predominance  of  diffusion  effects. 

Footnotes 

*In  the  brok  "Mechanics  of  Aerosols"  instead  of  formula  (2.8) 
the  formula  (16.1)  is  erroneously  inserted.  It  expresses  the 
photophretic  force  acting  on  particles  of  aerosols  at  r  <<  l.  Also 
relative  to  photophoresis  are  formulas  ( 16 . 3 )-( 16 . 6 )  in  this  book. 

2  The  problem  of  the  introduction  of  factor  M'/M  Just  as  in 
formula  (2.13),  is  complex  and  will  not  be  discussed  here. 


In  the  case  of  nonuniform  movement  of  small  spherical  particles 
in  a  nonuniformly  moving  medium  the  complete  fundamental  equation 
of  aerosol  dynamics  [84]  takes  the  form 

7  xr’W  ~  V,U)+  j  nr*\t(V  —  (?)  -f  —  V- 

_L  (*<•> 
f'.lvi  V, 

Gravity  acts  as  an  external  force  here,  0  and  V  signify  time 
derivatives.  Assuming 

u  9vyt  r*  (2y  :  y,)  ft  It.  P  «■-  dy,  (2y  y,»  i  ‘  hi.  Y 

we  will  reduce  this  equation  to  the  form 

\  -pi  a  (I  —  L'  —  Vt )  ,  1  \  f  ■ .  (3.2) 


**]  “  4  *r't  {V  -  Y«» 


(3-1) 


Tchen  [85]  gave  the  following  solution  for  this  integro- 


(3*5) 


UJ 

v  (0  *  \  e  -ku  sin  (0y>  F  it  -  y)  dy. 


where 


*'  I  t;  0S  =  a*-**-  ; 

f  (/i  -  u-ir.,-  1  {/)  1  « (i  -  2t$i  l  :  p(  - 

r  -hT.T  )  V  x 


(3-M 


Pearcey  and  Hill  [86]  calculated  the  effect  of  the  integral 
member  in  equation  (3*1)  on  particle  movement  in  a  quiet  medium 
after  cessation  of  act ’ on  of  external  force.  In  the  first 
approximation  the  supplementary  path,  passable  by  a  particle  at 
the  expense  of  this  effect,  is  proportional  to  the  square  root  from 
time,  i.e.,  =»  ®,  however,  in  the  second  approximation  £,  turned 

out  to  be  a  finite  quantity.  An  exact  calculation  of  is  very 
difficult;  approximate  calculation  has  been  made  by  authors, 

unfortunately,  only  for  values  of  the  ratio  y  /y ,  corresponding  to 

& 

movement  in  the  air  of  particles  with  a  density  <0.15- 


Serafinl  [87]  gave  an  analytic  solution  of  the  problem  of 
determination  of  particle  movement  in  gaseous  environment  In  the 
absence  of  external  forces  at  large  Re  numbers  (solved  by  the 
author  of  the  survey  by  the  graphic  method  [88]).  Here  he 
originated  from  tne  following  expression  for  coefficient  of  drag 
of  a  sphere : 

*  *  (24/IM  (I  +  f  Re**). 


(c  -  constant'  arid  obtained  for  the  velocity  of  a  particle  at 
the  time  t  the  formula 


V 


-i  De*-  l| 


( 3  •  5 ) 


where  8 


3nt/yr2, 


v0  and  Re0 


initial  values  of  these  quantities. 


Fig.  5 .  Resistance  of  medium  during 
ncnuniform  movement  of  particles. 


For  the  path  Dassed  th'»  fcllowing  expression  is  obtained 


x  =-•  J  R«V  «’ 1  f  arr  ty  (Rc,  ’  • :  ’  *)  - 


-  *M-H)  <-  -  i]  arct^Re;'*  •**-l)'*  IJ*" 


(3-6) 


whence  for  maximum  value  x,  i.e.,  f«r  1^(6  -►  »)  it  follows  that 


A  ~  ' ,  R«rl  ‘  *'  ’  arc  t|4  *  i~* 'i  -y]. 


( ? .  7 ) 


Prom  the  experimental  works  on  this  problem  we  will  point  out 
tne  experiments  by  Ingebo  [ 89 J ,  who  introduced  different  aerosols 
with  spherical  particles  with  r  »  10-60  ym  into  a  wind  tunnel  in 
which  the  speed  of  airflow  was  30— 5 ^  m/s,  ana  determined  by  a 
photographic  method  the  dimensions  and  velocity  of  particles  at 
different  distances  from  the  place  of  entry  of  the  aerosol.  From 
here  accelerations  and  forces  acting  on  the  particles  were  calculated 
in  the  function  of  relative  velocity  of  particles  and  air.  As  car, 
be  seen  from  Fig.  p,  the  value  of  coefficient  $  at  small  Re  is  the 


same  as  during  uniform  movement  ,  but  is  considerably  lower  at  large 
Re.  As  can  be  seen  from  the  experiments  of  Schmidt  and  Lennon  F  90  ] , 
during  accelerated  movement  of  particles  resistance  is  higher  chan 
during  uniform  movement;  by  analogy  one  should  expect  lower 
resistance  in  slowed-down  (with  respect  to  medium)  movement,  as 
in  the  experiments  of  Ingebo.  The  author  expressed  the  results  of 
his  measurements  by  the  empirical  formula 

f  -*  27  Rc  (6  <  Re  <  40Ut.  (3.8) 

Aerosols  in  a  Sound  Field 

Gucker  and  Doyle  [91]  undertook  an  experimental  check  of  theory 
of  fluctuation  of  particles  in  a  sound  field.  For  this,  in 
sufficiently  isodispersed  dioctyl  phthalate  mists  (obtained  in 
a  Sinkler-Lamer  oscillator)  with  r  from  0.8  to  k  um  the  sedimentation 
rate  of  drops  was  determined  ultramicroscopically .  From  here 
the  value  r  in  a  given  fog  was  found. 

Purther  by  formula  [92] 

VjU,  ( I  wVr  1  •  -  {i  +  (  3  •  9 ) 

(w  -  angular  frequency,  x  -  relaxation  time  of  drops,  -  period 
of  oscillations)  the  theoretical  value  was  calculated  for  the  ratio 
of  the  amplitude  of  fluctuations  of  drops  and  air.  With  the  help  of 
very  small  drops  was  determined  (at  a  frequency  of  ^850  Hz), 
further  the  of  a  large  numbep  of  drops  was  measured,  and  the  mean 
value  Vq/Uq  was  calculated  .  Although  scattering  of  experimental 
points.  Induced  mainly  by  fluctuations  in  intensity  of  sound,  is 
quite  great,  nevertheless  agreement  between  measured  and  calculated 
values  should  be  recognized  as  satisfactory.1 

S.  Dukhin  [9*0  turned  attention  to  the  circumstance  that  in  a 
standing  sound  wave  the  fluctuations  of  aerosol  particles,  not  fully 


absorbed  by  fluctuations  of  the  medium,  are  anharmonic  and  somewhat 
asymmetric.  As  a  result  the  particles  gradually  shift  to  junctions 


of  waves,  where  in  certain  cases  this  effect  should  considerably 
exceed  the  effect  of  radiation  pressure. 

For  the  coefficient  of  sound  absorption  due  to  viscous  losses 
dpstein  anu  Carhart  [95]  derived  the  expression 


R.nv  rn  , 


(3-10) 


where 
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-  exact  expression  for  ratio  of  squares  of  amplitudes  of  relative 
velocity  of  particles  and  medium  and  speed  of  medium  [96],  r  ~ 

O 

peed  of  sound  (2v  r.  /- 2r 


For  the  coefficient  of  sound  absorption,  caused  by  the  periodic 
Irreversible  transition  of  heat  from  the  particle  to  the  medium  and 
tack  and  corresponding  increase  of  entropy  and  decrease  of  free 
energy,  the  following  expression  is  obtained 


i 

V 


H* 


_ r _  __ 

P  +  V»  y  •*  -  *  ♦*+  -♦* 


(3-1?) 

(3.13) 


■  :,/cv  -  ratio  of  heat  capacities  of  gas  with  constants  p  and  v,  xa  ~ 

'.efficient  of  temperature  conductivity  of  medium,  0  *■  (?ju /**)*’>• 

j  expresses  the  degree  of  temperature  balance  of  particle  and 

oilum.  With  large  0  these  temperatures  almost  coincide,  decrease 

:  free  energy  Is  insignificant,  and  %  0.  With  very  small 

particle  temperature  is  hardly  changed,  temperature  drop  and  loss  of 

free  energy  practically  attains  the  maximum  possible  value,  and 

:<  %  1. 

X 


Additivity  of  values  and  a*  is  observed  only  at  moderate 


d'6 


particle  density  (n  <  10  )  and  vita  the  condition  (tP  c-  —  l)  <\>  ■  _  I  , 

5 

i.e.,  tor  air  with  w  <<  4*10  . 

In  experiments  by  Zink  and  Delasso  [97]  a  sound  pulse  was 

passed  through  an  aerosol  made  up  of  spherical  particles  of  A1?0 

with  r  *  2. 5-7. 5  dm  and  n  %  3*10  .  The  sound  pulse  consisted  of 

several  tens  of  sinusoidal  waves.  Oscillograms  from  incident  waves 

and  those  passing  through  the  aerosol  were  obtained  on  the  same  screen. 

Based  on  amplitude  ratio  the  coefficient  of  absorption  was  determined, 

and  based  on  the  distance  between  sinusoids  -  time  for  passage  of 

sound  through  the  aerosol,  and  from  here  the  speed  of  sound  in  the 

aerosol.  For  calculations  the  particles  of  the  aerosol  were  split 

Into  several  fractions ,  a  and  a*  were  calc  iated  for  each  fraction 

a  a 

according  to  the  above-cited  formulas  and  were  summarized.  As 
can  be  seen  from  Fig.  6,  in  air  a  very  good  coincidence  of 
theoretical  and  experimental  data  is  obtained.  The  same  coincidence 
Is  obtained  also  in  helium.  In  argon  and  oxygen  the  experimental 
points  lie  somewhat  higher  than  the  theoretical  curves  (by  5-lCf). 


Fig.  6.  Absorption  of 
sound  waves  by  an  aerosol : 

l*a*  (t  'oretically ) ; 

a 

2*a^  (theoretically); 

a 

V  Y 

3*a  +  a*  (theoretically); 

“  8 

o  -  experimental. 


For  decreasing  the  speed  of  sound  Acg,  induced  by  suspendec 
particles,  the  authors  deduced  a  formula  which  is  applicable  only 
at  small  Ac,, 


1  Al,0  -lO  ,  M 

Tf*(  j- 


(3.14) 


where  M  /M  -  mass  ratio  of  dispersed  phase  and  medium,  c/c  ,  - 
r  g  r  v 

ratio  of  their  specific  heats,  Cp  -  molar  heat  capacity  of  gas  with 

a  constant  p,  R  —  gas  constant. 

f. 
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Here  the  right  member  of  formula  (3-1*0  should  be  summarized 
■'or  all  fractions  of  the  aerosol.  The  first  member  in  (3-1*0 
determines  the  decrease  in  speed  of  sound  due  to  an  increase  in 
t ne  density  of  the  system,  the  second  member  —  due  to  an  increase 
) its  heat  capacity.  Beth  these  phenomena  are  caused  by  the 
presence  of  particles  of  the  dispersed  phase.  So  that  these  factors 
nave  an  effect  on  the  speed  of  sound,  it  is  necessary  that  aeroscl 
particles  participate  to  some  degree  in  the  oscillations  of  the 
medium  and  absorb  and  give  off  heat.  This  circumstance  is  also 
expressed  by  factors  and  y  .  Thus,  the  effects  of  sound  absorption 
and  the  decrease  in  its  speed  are  additional  in  respect  to  one 
another.  Formula  (  3 •  1  *4 )  also  agrees  well  with  experimental  data- 

Hydrodynamic  Interaction  Between  Particles 

Switching  to  hydrodynamic  forces  of  interaction  between  aerosol 
articles,2  we  will  dwell  first  an  the  simplest  case  —  the  theory 
f  interaction  of  two  spherical  particles  In  a  Stokes  approximation . 
For  this,  at  first  they  find  the  field  of  flow,  satisfying  simplified 
aquations  of  St okes-Navler  (without  Inertial  members)  and  the 
.'allowing  condi.cions  at  an  infinite  distance  from  the  particles  the 
.-peed  of  flow  is  equal  to  zero,  and  at  the  surface  of  the  particles 
coincides  with  the  speed  of  tht  adjacent  section  of  particle 
surface.  The  problem  is  solved  by  method  of  successive 
approximations:  taken  as  zero  approximation  is  the  sum  of  fields  of 
fiow,  Induced  by  each  particle  and  expressed  by  the  known  formulas 
for  viscous  flow  past  a  sphere  in  a  Stokes  approximation. 

In  the  case  of  parallel  movement  of  two  identical  particles,  zero 
approximation  leads  to  the  formula 

\  < F  6.w>jl  ■  cos*%')j.  (3-15) 

where  V  -  particle  velocity,  F  -  force,  acting  on  each  particle, 

6  —  angle  between  the  line  of  centers  and  direction  of  movement, 
o  -  distance  between  centers  of  particles.  Zero  approximation 


does  not  exactly  satisfy  conditions  on  the  surface  of  particles, 

but  by  means  of  successive  addition  of  correction  members  to  it 

1 

all  the  better  observance  of  these  conditions  is  attained.  Solutions 
are  obtained  in  the  function  of  ratio  r/p,  usually  in  the  form  of 
power  series,  where  the  convergence  of  the  series  and  the  accuracy 
of  solutions  drop  sharply  during  approximation  of  r/p  to  0.5,  i.e., 
with  the  drawing  together  of  particles  at  small  distances. 

Since  the  fields  of  flow  are  linear  with  respect  to  speeds  of  ; 

l 

both  particles,  then  for  determination  of  forces  of  hydrodynamic 

interaction  it  is  sufficient  to  calculate  these  forces  for  two 

cases :  for  movement  of  particles  along  the  line  of  their  centers 

(in  this  case  the  force  F | j  is  apparently  directed  along  this  same 

line )  and  F,  normal  to  it.  In  the  most  important  case  of  movement  of 

particles  in  one  plane  lie  in  that  same  plane  and,  due  to  symmetry 

of  Stokes  flow  during  flow  past  a  sphere  is  also  directed  normal  to 

the  line  of  centers.  In  this  case  the  particles  should  also  rotate 

so  that  on  the  internal  (turned  to  other  particle)  side  of  these  > 

particles  the  speeds  of  forward  and  rotational  movement  are  directed 

to  one  side,  but  on  the  external  side  to  various  ones. 

In  general  one  should  separate  the  velocities  of  particles  into 
components  Vj  j  and  \ x,  determine  the  forces  F| |  and  F^,  and  put 
them  together.  In  view  of  the  symmetry  of  Stokes  flow  past  a  sphere, 
with  an  equality  of  radii  r^,  r^  and  particle  velocities  and  j 

the  forces  of  interaction,  having  an  effect  on  both  particles,  are 
also  equal  both  In  value  and  in  direction. 

The  problem  of  calculating  the  forces  of  hydrodynamic  interaction 
between  two  spherical  particles  has  been  dealt  with  by  a  number  of 
research  workers.  Hocking  [98],  and  Faxen  [993  deduced  the  formulas 
(the  first  for  F j  j  and  F±j  the  second  -  only  for  F||)  f°r  a  general 
case  of  r1  ¥  r^,  ft  V2,  Smoluchowski  [100]  -  for  F j  j  and  at 
r,  4  r2  and  «  V2,  Burger*  [101]  -  the  same  for  r^  -  r^  and  « 

•  V2,  and  Stlmson  and  Jeffery  [102]  for  Fj  j  ,  -  r2,  *  V2>  jj 

According  to  Burgers  j 
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F 


F .  -•  finn/Vf-*  ' 

i  •  -p 


M* 

r» '  a  V  p ) 


(3-16) 

(3.17) 


From  these  formulas  it  follows  that  the  ratio  of  speed  of 
sedimentation  of  two  identical  Interacting  particles  and  an  isolated 
particle  equals 


I 


~  (I  ,  cos4  0)  -  ]  *■ (1  - -3cos4*i^  ■  '  - 

. . 


(3.18) 


where  0  —  angle  between  line  of  centers  and  vertical.  Furthermore, 
it  is  easy  to  see  that  particles  settle  vertically  only  with  8*0 
or  ti/2,  otherwise  their  trajectories  are  inclined  vertically  in  the 
direction  of  line  of  centers  on  an  angle  <$ ,  expressed  by  the  formula 


sin* 


;i  r 


sin  0  cos  «». 


(3.19) 


For  Smoluchowski  the  expression  [1  -  3r/2p]  is  in  the  brackets. 


Table  1  gives  the  calculations  by  different  formulas  for  values 
V,.„/V*  for  the  settling  of  identical  spherical  particles  along  the 

O  O 

line  of  their  centers,  and  also  the  experimental  data  of 
Eveson  et  al .  (see  below).  Not  Included  in  the  table  is  the 
formula  of  Faxen,  since  the  power  series  contained  in  it  converge 
very  slowly  during  approximation  of  r/p  to  0.5- 


As  can  be  seen  from  the  table,  only  the  very  complex  formula  of 
Stlmson  and  Jeffery  gives  satisfactory  coincidence  with  experimental 
data  down  to  contact  of  particles,  and  therefore  should  be 
recognized  as  the  most  exact.  Next  in  accuracy  la  the  comparatively 
simple  formula  of  Burgers,  which  therefore  is  given  here. 

Experimental  investigation  of  the  hydrodynamic  interaction  of 
two  particles  at  small  Re  ('vO.Ol)  was  conducted  by  Eveson  et  al.  [3C]» 
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Table  i.  Theoretical  and  experimental  values 
Vg/V^  during  settling  of  two  Identical  spheri¬ 
cal  particles  along  the  line  of  centers  in  a 
Stokes  approximation. 


A jthor 

«•  | 

0.1  w.2  j 

0,3  j  O.t  j 

0.3 

Stiason  and  Jeffery 

! 

1,0  I 

1  1 
0,870  1  0,77t» ' 

!  t 

0.712  0,077 

0,045  • 

SWoluohowakl  (complete 

foimila) . 

: 

:  i.o 

O.ST2  0,7t«»  ■ 

n.ioi 

0,813 

jeoluonowakl  (» lap!  If  led 
fonauia  [103])  . 

|  i.o 

i  0.870  0,770 

.  O.li'JU  j  O.Uj.'i 

0,571 

•u  r% . . 

:  i.o 

1 0,870.0,778 

[  0,71®  j  O.oo.v 

<>,7IH 

Mocking 

1.0 

O.S7I  \  0,777 

I  U.7IO  j  0.137  ; 

Ex  per  luentel  date . 

l.o 

jo.'.oijo.a*) 

,  n,730 10, tar, : 

•Thi*  value  n&3  obtained  by  RWxen  [ 31 1  froa  the  formula  of  3 1 la* on  and 
Jeffery  oy  aeons  of  a  »lapl*  aatheaatlcal  procedure. 

who  measured  the  sedimentation  rate  of  plastic  beads  with  r  * 

*  1.4-2. 4  mm  in  castor  oil  at  angles  0  from  0  to  90°  in  a  vessel 
25  cm  in  diameter,  so  that  boundary  effect  was  insignificant.  In 
all  cases  the  results  of  the  experiments  were  analogous  to  those 
given  in  Table  1  and  relative  to  a  case  of  0  3  0 :  at  small  V/  p  the 
relationship  Vg/V^  was  somewhat  higher  than  theoretical,  and  with 
convergence  of  the  beads  this  divergence  decreased.  Prom  the  fact 
that  both  beads  moved  with  an  absolutely  identical  speed,  it  follows 
that  the  regimen  of  flow  was  indeed  Stokes.  Angle  of  inclination 
of  trajectories  to  vertical  agreed  well  with  the  calculations  of 
Smoluchowski  (see  above).  Surprisingly  the  authors  did  not  reveal 
rotation  of  particles.  The  cause  of  small  divergences  between 
theory  and  experiment  at  small  r/p,  where  theoretical  calculations 
are  quite  exact,  is  unknown. 

In  an  analogous  work  Happel  and  Pfeffer  [104]  investigated  only 
the  case  of  8  •  0  at  Re  *  0.00 8-0. 03 .  Very  good  agreement  war 
obtained  with  the  formula  of  Stimson  and  Jeffery  in  the  entire 
studied  interval  of  values  r/p  from  0.09  to  0.5. 


V.  Pahenay-Severin  [105]  analyzed  the  problem  of  the  hydrodynamic 
interaction  between  particles  of  various  size  settling  along  the  same 
straight  line  (0  •  0).  In  this'  case  in  the  Stokes  approximation 


l f*  Vst  -*  I'.v*  t  '  V  * 


(3-20) 
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If  index  1  pertains  to  a  particle  moving  ahead  and  r^  >  r^,  i.e., 
the  second  particle  overtakes  the  first,  then,  as  can  be  seen  from 
formulas  (3*20,  hydrodynamic  interaction  decreases  the  closure 
rate  of  the  particles.  The  effect  is  still  stronger  at  small 
distances  between  particles,  when  formulas  (3-20)  are  already 
inapplicable . 

The  same  author  [106]  investigated  this  problem  b”  the  method 
of  Stimson  and  Jeffery.  As  an 'example,  it  can  be  seen  i rom  the 
table  presented  by  him  that  in  air  the  settling  rates  of  water 
drops  with  r^  »  4  pm  and  r^  *  t  pm  (for  which  VS1  ■  0.20  and  Vs?  ■ 

*  0.46  cm/s)  during  their  convergence  at  a  distance  p  *  16  pm  are 
equal  to  0.49  and  0.53  cm/s. 

It  is  necessary  to  stress  that  calculation  of  hydrodynpmic 
interaction  in  a  Stokes  approximation  is  permissible  only  under 
the  condition  8  =  Vp/v  <<  1.  Noticeable  deflections  can  start 
already  when  the  condition  Vr/v  *  Re  <<  1  is  observed,  i.e.,  the 
formula  of  Stokes  is  still  applicable  for  movement  of  one  particle. 
Based  on  calculations  of  V.  Pshenay-Severin ,  9t  at  8  *  0.2  and 
21%  at  8  *  0.5. 

In  switching  to  the  theory  of  hydrodynamic  interaction  in 
an  Oseen  approximation,  we  wili’  first  give  the  formulas  brought 
out  by  Oseen  himself  [107]  for  forces  acting  on  two  spherical 
particles  with  radii  r^  and  r^,  moving  in  the  same  direction  (along 
the  axis  x)  with  an  identical  speed  V<, ,  where  the  first  particle 
Is  moving  in  front.  Besides  the  usual  Stokes  force  -  Sunr^Vg,  In  the 
direction  of  movement  it  Is  being  acted  on  by  the  force1 

(3.21) 

where  and  x^  —  coordinates  of  particles,  and  along  the  line 
of  centers  the  force 

v  -  4  *■  -  '*’ if  - 

*  (3-22) 
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Forces  acting  on  the  second  particle  thus  obtain  a  transposition 
of  indices.  Forces  F^^  and  F^^  are  directed  to  the  side  of 

XX  /  i  \ 

movement  Just  as  in  the  Stokes  approximation.  Force  is  directed 

aside  from  the  second  particle,  i.e.,  is  a  repulsive  force.  Force 
(?) 

Fp  at  small  angles  of  *3,  for  example,  when  moving  on  the  sane 
straight  line,  is  directed  toward  the  first  particle,  and  at;  large 
9,  for  example,  when  moving  on  the  same  front  —  in  the  opposite 
direction  (repulsion). 

At  r^  *  r^  and  movement  on  one  straight  line  (x^  -  x2  *  p 


f4: 

where  0  *  pVg/v.  Since  U  —  < 
slower  than  the  second.  Ratio  of 
Vs  equals 


1  y,.  1  Hn-iv,-,-’ 

(3.23) 

F • 

*  > 

(3-2^) 

1  ,  then  the  first  particle  noves 
speed  of  their  convergence  io 


•  —  <— in 

i  ~  J 


(here  we  assume  that  the  movement  of  particles  is  quasi-statimary , 
i.e.,i8  completely  determined  by  forces  acting  on  them  at 
that  moment).  In  the  case  of  water  drops  with  r  *  30  um  o  0  0r*>  at 
r/p  '  0.05;  0.086  at  r/p  ■  0.1  and  0.112  at  r/p  »  0.2. 

Thus,  In  the  Oseen  approximation  sedimenting  particles  of 
the  same  size  converge  quite  rapidly.  The  reason  for  this  la 
the  asymmetry  of  Oseen  field  of  flow  past  a  sphere:  the  speed 
of  flow.  Induced  by  a  moving  particle,  from  behind  the  particle 
decreases  with  distance  much  slower  than  in  front  of  particle 
(Pig  *»5*  see  p.  130  ).  During  sedimentation  of  particles  of  various 
3ize  along  one  straight  line,  at  r2  >  r^,  i.e.,  when  the  second 
particle  overtakes  the  first,  Oseen  hydrodynamic  forces  (in  contrast 
to  Stokes)  also  noticeably  increase,  based  on  calculations  of 
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V.  Pshenay-Severin ,  the  closure  rate  of  particles.  This  question 
■a  examined  in  more  detail  in  connection  with  the  theory  of 
gravitational  coagulation  in  Chapter  7- 

V.  Pshenay-Severin  [108]  also  investigated  the  influence  of 

viscosity  on  the  hydrodynamic  interaction  of  particles  of  the 

sine  size  in  a  sound  field.  The  author  ealculateu  the  closure  rate  )f 

particles  in  Oseen  approximation  by  the  same  method  as  for  uniform 

movement  of  particles,  but  taking  into  account  the  specific  nature 

of  oscillatory  movements:  ti.as  it  was  accepted  that  hydrodynamic 

:onverger.ce  of  particles  occurs  only  at  a  relative  velocity  of 

.  articles  and  medium,  corresponding  t<  Re  >  1.  It  was  shown  that 

with  an  amplitude  of  rate  of  oscillations  of  a  gaseous  environment 

Uq  =  4—10  n/s ,  i.e.,  with  a  density  of  sound  enc-.gy  50-200  erg/cm  , 

the  convergence  time  for  particles  with  r  =  1-15  um  from  p  »  lOOr 

to  iOr  during  favorable  relationships  be'. ween  the  period  of 

oscillations  t  and  relaxation  time  of  particles  t  makes  up  a 

’ruction  of  a  second.  This  means  'hat  this  effect  can  play  a 

large  role  during  sound  coagulation  of  aerosols.  Maximum  effect 

Is  attained  at  t  from  4  to  tit.  It  is  necessary  to  note  that 
P 

obvious ly  these  calculations  are  appll cal  *e  only  under  the 
ondition  that  the  period  of  os  cl  iJatloi.r  considerably  exceeds 
the  time  necessary  for  the  flow  disturbed  by  ore  particle  to  reach 
the  other  particle,  or  that  the  amplitude  of  oscillations  Is 
considerably  larger  than  the  distance  between  particles.  On  the 
other  hand,  a  noticeable  effect  is  poss'ble  only  at  t/t  >  0.1,  i.e. 
during  Incomplete  entrainment  of  particles  by  sound  waves.  From 
the  table  of  t  values  [109]  it  is  clear  that  at  *  4-10  m/s,  the 
Interval  of  values  t  ,  for  which  both  inequalities  are  observed 
( considering  p  *  lOOr),  is  quite  narrow  at  r  ^  2  um,  but  is  expanded 
considerably  by  transition  to  r  *  1  um. 

Of  the  experimental  works  in  this  area  we  will  point  out  the 
experiments  by  Dorr  [110],  in  which  the  force  of  interaction  was 
determined  between  two  hollow  glass  beads  with  r  ■  2. 8-4. 4  mm, 
suspended  in  the  antinode  of  a  standing  sound  wave  with  a  frequency 
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of  525  Hz  on  glass  filaments.  Natural  frequency  of  oscillations  of 

suspended  beads  was  1  Hz  and  they  practically  did  not  accomplish 

the  forced  oscillations.  With  a  change  of  amplitude  of  rate  of 

oscillations  from  0  to  35  cm/s  the  force  was  strictly  proportional 
2 

to  UQ>  in  agreement  with  theory.  With  the  angle  9  between  direction 
of  oscillations  and  line  of  centers  equal  to  it/2,  the  absolute 
magnitude  of  force  was  expressed  at  p/r  ”  3  by  the  theoretical 
formula 


(3.25) 


where  VrQ  —  amplitude  of  relative  oscillation  of  particle  and  medium, 
but  with  the  convergence  of  beads  force  increased  considerably 
faster  than  by  this  formula.  In  the  case  0  ■  0  coincidence  was 
apparently  more  complete  but  clear  data  on  this  question  are 
not  available  in  the  article  by  Dorr. 

Electrostatic  Scattering  of  Aerosols 

i 

We  will  switch  to  electrostatic  scattering  of  aerosols.  In  a 
polydlspersed  aerosol  with  unequal  charges  of  particles  for  each 
fraction  it  is  possible  to  write 

—  ~  «  4*  B,  j,n,  2  n, y,  XxB.wnq.  (3.26) 

t 

where  q  -  average  charge  of  particles.  The  solution  of  the  system 
of  nonlinear  differential  equations  (3-26)  Is  very  difficult  and 
no  one  has  undertaken  it  yet.  For  a  change  of  total  particle 
density  «  2 a,  we  have 

4 

-  it  -  <""4 1  -  4-u»V»e.  (3.27) 

Integration  of  this  equation  is  impossible,  q  and  §q  are 

functions  of  time,  for  the  determination  of  which  it  is  necessary 
to  integrate  ♦‘he  entire  system  (3.26).  Only  in  the  case  when 
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electrical  nobilities  B^q^  of  all  particles  are  more  or  less 
identical  and,  consequently,  q  and  Bq  do  not  change  during 
scattering,  then  for  an  aerosol  it  is  possible  to  use  the  equation 

4i'qBqt  (3-28) 

which  we  will  present  in  the  form 


where  p  ~  inq2Hnu 


n 


»■ 

H-5M* 


(3-29) 


During  transmission  of  an  isodisper;  ed  unipolar  charged  aerosol 
with  identical  charges  on  the  j articles  through  groar led  tube  with 
a  radius  P.  and  length  x  with  average  speed  U  the  concentration  of 
;erosoi  coning  out  of  the  tube,  both  during  laminar  and  during 
•urtulent  flow,  is  equal,  according  to  equation  (3.29),  to 


_ 

i  +3*.u  ' 


(3-30) 


Thus,  the  total  mass  of  particles ,  settled  in  1  s  on  the  walls 
>f  the  tube  due  to  electros  tat 1 :  ?  :at -ering,  equals 


*R-(  (n*  - ■  n)  m 
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(3-31) 


were  n  -  mass  of  particle,  c,  -  t-.At  ia'  .  oncent  rat  i  on  by  weight  of 

eroso  1 . 


r.g  thr c ugh  i h e  tube  r ; e re 


an  electrical  current  with  the 


/,  q&.'m 


(3-32) 


Formula  (3-31)  can  be  presented  in  the  form 


x  *R\tUx  <t>,  —  W p 


(3.33) 


Through  a  tube  made  up  of  a  series  of  Isolated  sections  Foster 
[111]  passed  a  fog  obtained  by  thermal  decomposition  of  wood  and 
charged  with  help  of  a  corona  discharge.  The  mass  of  deposit  In 
each  section  and  force  of  current  passing  through  it  was  determined. 
From  here  were  calculated  and  I  in  function  x.  In  coordinites 
(x,  x/*  )  linear  graphs  were  obtained  in  agreement  with  the  fo-mula 
(3.33),  and  based  on  these  cQ  and  6  were  determined.  The  density 
cf  drops  in  the  fog  was  also  measured.  Since  Cq,  6  and  Ix  are  known 
functions  of  three  unknown  values  n^,  m,  and  q,  then  they  coul i  be 
calculated  from  these  experiments.  For  r  values  are  obtained  ylthin 
the  limits  0 . 075-0  •  l1*1*  pm,  for  q  depending  on  the  intensity  ol  the 
charge  6-32e  ( r.  —  elementary  charge),  where  the  value  q  was  reflected 
little  on  the  value  r.  From  this  satisfactory  coincidence  of 
experimental  data  with  theoretical,  it  follows  that  the  fog  was 
comparatively  isodispersed  and  charges  of  particles  differed  little. 

In  the  work  by  Drozln  and  LaMer  [112]  fairly  monodispersec 
aerosols  of  stearic  acid  with  r  *  0, 3-1-0  urn  were  charged  unlpolarly 
with  a  corona  discharge  and  the  average  charge  of  particles  ir  a 
1'unction  of  their  radius  was  determined.  Here,  in  agreement  with 
source  material,  electrical  mobility  of  particles  increased  with  an 
Increase  of  r.  A  charged  aerosol  was  introduced  in  a  wide  fl£t 
horizontal  capacitor  and  was  precipitated  under  the  impact  of  a 
field  on  the  lower  capacitor  plate.  The  charge  imparted  to  tie  plate 
in  a  unit  of  time  was  measur.d  continouslv  up  until  complete 
precipitation  of  the-  aerosol,  and  based  on  the  curve  obtained  the 
distribution  of  particle  size  was  calc  lated.  Values  of  r  determined 
In  this  way  coincided  with  spectra  of  a  higher  order  measured 
fyndallometrlcally . 

In  the  opinion  of  the  authors  of  the  work,  the  mobility  of 
particles  of  the  above-indicated  size  should  be  calculated  according 
to  the  simp.e  Stokes  formula  without  any  corrections.  In 
Justification  of  this  surprising  opinion,  which  contradicts  b*  th 
theory  and  extensive  experimental  data,  Drozin  and  LaMer  refer  to  a 
survey  of  experimental  results  obtained  in  their  laboratory.  These 


are  inaccessible  to  the  author.  On  the  other  hand,  they  did  not 

consider  electrostatic  scattering.  From  Fig.  ^  of  their  article  it 

is  possible  to  estimate  the  value  of  the  initial  space  charge  of 

-  ■a  ■? 

the  aerosol  in  one  of  the  experiments  ^2.10  J  esu/cm  .  It  follows 
from  this  that  at  the  time  of  setting  the  aerosol  in  motion  in  the 
capacitor  the  electrical  field  induced  by  space  charged  for  the 
upper  and  lower  border  of  the  aerosol  had  an  intensity  ^0.03  esu, 
l.e.,  was  of  the  same  order  with  the  external  field  (0.055  esu). 
Therefore  the  charge,  imparted  to  the  plate  in  a  unit  of  time. 

In  the  beginning  of  the  experiment  was  noticeably  greater  than  in 
uhe  absence  of  a  space  charge,  but  the  time  for  complete  precipitation 
of  aerosol  had  tc  increase  (this  is  pointed  out  ir.  the  article).  It 
s  possible  that  for  compensation  of  the  error  appearing  thus,  the 
iuthors  had  to  reject  corrections  to  the  Stokes  formula.  Furtnermoi e , 
Lt  Is  doubtful  whether  or  not  in  the  comparatively  bulky  condenser 
in  which  these  experiments  were  conducted  it  was  possible  to 
completely  remove  convection. 

Uni  polar ly  charged  aerosols,  apart  from  medi  'ine,  will  prTnbly 
find  application  during  the  treatment  or  closed  locations,  gardens, 
etc.  ,  with  insecticide  preparations,  since  in  contrast  to  uncharged 
aerosols  they  settle  in  considerable  ..entities  on  the  walls  and 
:elling  of  locations.  (A.  K1  tayev  f  1  1 3  1 )  and  on  lower  surface  of 
leaves  (Gob lick  i  llAl),  ar.d  they  are  deposited  much  more  completely 
when  blown  throng:',  tie  foliage  of  trees  [11^].  Furthermore, 

•..-cording  to  Uoniich  unipolar  charged  aerosols  (dusts)  give  a  more 
•;ni form,  less  aggregated  deposit,  apparently  due  to  mutual  repulsion 
f  particle",  and  they  cling  to  leaves  (see  p.pbs  )  more  strongly. 

Electrostatic  scattering  is  effectively  demonstrated  on  free 
Jets  of  aerosol  '. :  during  unipolar  charging  the  streams  are 
noticeably  expanded  [11^]. 


Footnote  s 


‘In  the  account  of  the  problem  of  entrainment  of  particles  by 
fluctuations  of  the  medium,  in  "Mechanics  of  Aerosols,"  p.  91 s  an 
inaccuracy  is  committed.  At  very  large  values  for  the  ratio  of 
relaxation  time  of  particle  to  period  of  fluctuations  t/t  the  rati 

Vq/Uq  does  not  aspire  to  zero,  as  stated  in  the  book.  In  this  case 

for  calculation  of  Vq/Uq  one  should  use,  instead  of  approximate 

formula  (3*9),  the  exact  formula  [92]. 


(values  f  and  0  see  below),  from  which  it  follows  that  at  x/t 

P 

•*»,'/„  ■  3y  /2y.  The  same  expression  is  obtained  for  fluctuations 
of  particles  in  an  ideal  liquid  [93]. 

‘In  Fig.  23  in  "Mechanics  of  Aerosols"  (p.  101)  the  direct ior 

of  arrows  should  be  reverse. 

*In  the  author's  book  "Mechanics  of  Aerosols,"  p.  100,  only 
formula  (3.22)  is  given  and  the  forces  expressed  by  formula  (3-21) 
are  omitted. 


CHAPTER  ll 


CURVILINEAR  MOVEMENT  OP  AEROSOL  PARTICLES 

Hydrodynamics  of  an  Aerosol  Liquid 

Important  conclusions  for  ‘.he  mechanics  of  aerosols  can  be 
obtained  by  examining  the  movement  of  an  isodlspersea  system  of 
particles,  taking  into  account  their  Inertia,  as  a  flow  of  a 
hypothetically  compressible  liquid,  the  density  of  which  Is  equal  to 
particle  density  (Robinson  [115]).  The  author  was  limited  to  a 
case  of  potential  flow  of  a  medium  and  proportionality  of 
resistance  of  the  medium  relative  to  the  velocity  of  a  particle  and 
the  medium  and  proved  the  following  theorem:  if  the  flow  of  an 
aerosol  liquid  at  a  certain  moment  is  potential  (for  example,  at  a 
very  great  distance  from  a  streamlined  body,  where  the  velocity  of 
particles  and  medium  coincide),  then  it  will  remain  potential.  It 
follows  from  this,  in  particular,  that  the  trajectories  of  particles 
cannot  cross.  This  theorem  Is  true  only  in  the  case  when  external 
forces  acting  on  the  particles  also  possess  potential. 

Using  the  div  operator  to  the  fundamental  equation  of  movement 
of  particles 


-(/*  ;  r,  (*t.i) 

where  V  and  U  -  velocity  vectors  of  particle  and  medium,  F  -  vector 
of  the  external  force  and  DV  the  .oral  differential  of  speed  of  an 
element  of  aerosol  liquid,  Robinson  proved  that  div  V  £  o ,  i.e.,  that 


the  concentration  of  aerosol  can  increase  only  with  its  motion. 

The  correctness  of  this  conclusion  can  be  ascertained  by  examining 
a  stream  tube  with  a  constant  cross  section  and  bent  in  one  place. 

In  the  zone  of  the  bend  for  the  internal  contour  of  the  tube  the 
radius  of  curvature  is  less,  and  the  speed  of  flow,  and,  consequently, 
centrifugal  force,  based  on  properties  of  potential  flow,  are  greater 
than  for  the  external  contour.  Therefore  the  stream  cube  of  ;in 
aerosol  liquid  will  shift  with  respect  to  the  stream  tube  of  the 
medium  and  simultaneously  will  narrow,  i.e.,  the  concentration  in 
it  ine’-eases.  Let  us  note  that  during  rotation  of  an  aerosol  as 
one  whole,  i.e.,  during  vortex  flow  the  concentration  of  the 
aerosol  will,  on  the  contrary,  decrease. 

L.  Levin  [116]  proved  that  during  solenoidalness  of  external 
forces  (div  P  ■  0),  for  example.  In  the  case  of  gravity  and  in  the 
absence  of  inertia  (t  ■  0)  the  concentration  of  aerosol  along  the 
trajector  of  particles  is  constant.  At  t  M  and  constant  F  the 
concentration  of  a  flowing  aerosol  can  remain  constant  only  under 
the  condition  U  ■  const,  i.e.,  in  a  uniform  field  of  flow.  Ir  the 
opposite  case  the  concentration  should  change,  i.e.,  as  we  saw  above, 
increase.  Since  in  the  absence  of  inertia  and  with  P  *  const 
concentration  does  not  change  (we  consider  the  medium  incompressible), 
then  it  follows  from  this  that  the  growth  of  concentration  should 
increase  with  the  growth  of  t  (at  least,  at  not  very  large  t)‘  and 
thus  the  dispersed  composition  of  a  flowing  polydispersed  aerosol 
should  be  changed,  in  other  words,  segregation  of  oarticles  wi.th 
various  t  should  occur. 

Movement-  of  Particles  in  a  Transverse  Electrical  Field 

The  oscillation  method  for  determining  the  size  and  charge  of 
particles  [11?]  in  its  original  form  is  inapplicable  to  the 
determination  of  size  of  particles  with  r  <  0.5  ym,  since  speed 
of  their  sedimentation  is  small  and  Brownian  movement  is  intensive, 
however,  by  using  a  strong  electrical  field  it  is  possible  to  quite 
accurately  determine  amplitude  of  oscillations  of  particles  with 
r  up  to  0.15  y«,  and  by  recharging  to  measure  their  charge,  and 


consequently,  also  size  (Ye.  Gladkova,  G.  Natanson,  [ 1 1 8 ] ) .  This 
method  Is  especially  convenient  when  working  with  comparatively 
isodi3peised  aerosols,  since  in  this  case  it  is  possible  to  dispense 
with  recharging. 

Passing  to  the  settling  of  aerosols  from  a  laminar  flow,  we 
note  first  of  all  that  the  rectilinearity  of  laminar  flow  in  straight 
tubes  is  disturbed  considerably  earlier  than  the  critical  value  Re^.. 

In  smooth  round  tubes  a  colored  stream,  according  to  the  observations 
of  Prengle  and  Rotful  [119],  starts  to  bend  at  the  axis  of  the  tube 
already  at  Rer  *  1220;  with  an  Increase  of  Re^  this  disturbance  of 
rectilinearity  spreads  to  the  walls  and  reaches  them  at  Ref  ■  2000. 

A  differential  method  for  the  determination  of  electrical  mobility 
of  particles  [120]  was  carried  out  by  Gillespie  and  Langstrcth 
[121],  A  laminar  flow  of  air  was  passed  downward  through  a  parallel 
plane  capacitor.  In  the  middle  of  the  airflow  moved  an  isoklnetical ly 
injected  thin  stream  of  aerc  ol.  Hinkle  et  al.  [122]  passed  the  sane 
type  of  s  .’earn  between  cylindrical  electrodes  and  photographed  it 
with  lateral  illumination.  Here  a  stream  of  uncharged  aerosol 
preserved  its  width;  in  the  case  of  charged  particles  a  small  strean 
was  expanded  (Fig.  7),  and  based  on  the  distribution  of  optical 
density  In  a  cross  section  c'  ‘he  stream  It  was  possible  to  roughly 
determine  the  distribution  o'  electrical  -nobility  of  particles. 


Fig.  7.  Expansion  of  stream 
of  charged  aerosol  in  an 
electrical  field.  Above  — 
uncharged  aerosol 
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an  aerosol  with  r  » 


In  the  work  by  Yoshikawa 
*  0.5-10  um  was  introduced  In  a  wide  metallic  tube  through  a  layer 
of  parallel  narrow  plastic  wires,  creating  flow  with  a  constant 
upeed  over  the  entire  section  of  tube,  along  the  axis  of  which  was 


stretched  a  corona  conductor.  Behind  the  conductor  along  the  axis 
of  tube  was  located  a  narrow  metallic  cylinder,  serving  as  the 
internal  electrode  of  the  cylindrical  capacitor.  Since  particles 
which  had  moved  near  a  corona  conductor  received  a  higher  charge, 
but  their  path  up  to  the  external  electrode  was  longer,  then,  by 
selecting  the  voltage  and  all  the  dimensions  of  the  instrument,  it 
was  possible  to  focus  particles  of  identical  size  in  one  section  of 
the  external  electrode.  Due  to  the  fact  that  charges,  obtained  by 
particles  in  a  corona  discharge,  are  proportional  to  r  in  a  power 
>1,  the  par  .iCi.es  were  disposed  in  the  deposit  in  order  of  decreasing 
siz  y . 

For  finding  the  relationship  between  average  charge  and  mobility 

I 

of  particles  in  airicroscopic  aerosols  Nolan  and  O'Connor  [124], 
paral  a1  with  volt-ampere  char* cteristics  (I,  n)  obtained  during 
passage  of  aerosols  through  a  capacitor,  used  a  condensation  nuclei 
counter  to  determine  curves  (n,  n),  where  n  -  number  of  particles 
sett  ed  in  a  capacitor  at  voltage  II  from  each  cubic  centimeter  of 
atiosol  and  from  here  calculated  the  number  of  particles  with 
r  .obilltles  from  u  to  ®.  All  the  particles  then  split  into  se /eral 
fractions  based  on  their  mobility  and  for  each  fraction  the  to  .al 
charge  and  number  of  particles  were  calculated,  and  from  here  he 
average  charge  or  particles.  We  will  refer  to  this  work  again 
on  p  ■  88  . 

Aerosol  Centrifuges  and  Cyclones 

In  the  Investigation  of  aerosols  centrifuges  have  an  important 
advantage  over  Instruments  of  the  cyclone  type:  low  rate  of  flow 
of  the  aerosol  in  the  rotor  and,  as  result,  absence  of  tu  bulence 
and  bl'  woff  of  the  deposit  by  airflow. 

The  Ooet*  centrifuge  [125]  is  similar  to  the  conifuge  [26],  but 
the  aerosol  flows  along  a  spiral  channel  with  a  rectangular  cross 
section,  .ocated  on  the  periphery  of  the  cylindrical  rotor  of 
the  centrifuge .  Thus,  in  this  centrifuge,  in  contrast  to  the 
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uonifuge ,  aerosol  particles  are  immediately  subjected  to  the 
action  of  maximum  centrifugal  force  and  the  entrance  effects  induced 
by  this  circumstance  noticeably  distort  the  distribution  of  larger 
particles  in  length  of  the  deposit.  Furthermore,-  as  can  be  seen 
from  the  articel  by  Goetz,  upon  entrance  into  the  channel  the 
aerosol  fills  all  of  its  cross  section,  and  the  site  of  precipitation 
of  the  particles  depends  not  orily  on  their  size,  bit  also  on  the 
initial  position  during  entrance  into  the  channel,  i.e.,  separation 
of  particles  of  various  size  takes  place  imperfectly. 

In  the  cyclone  theory  they  usually  disregard  3peed  of  gas  flow 
in  the  cyclone  which  is  directed  toward  the  axis  of  the  component 
Up.  According  to  Feifel  [126]  and  Barth  [127],  only  those  particle? 
are  precipitated  whose  radial  speed  under  the  impact  of  centrifugal 
force  is  greater  than  Up  on  their  entire  path  to  the  wall,  and  this 
determines  the  maximum  size  of  particles  precipitated  in  the 
cyclone.  Thus,  in  the  opinion  of  these  authors  the  cyclone  should 
work  as  a  separator.  In  reality,  as  experiments  show,  the 
separating  action  of  the  cyclone  Is  very  imperfect. 

Solbach  [128]  measured  Up  in  various  points  of  a  direct-flow 
cyclone  and  calc  lated  trajectories  and  effectiveness  of  settling 
of  particles  of  various  size,  taking  into  account  radial  drain. 
Measurements  by  the  author  of  clay  dusts  with  r  ■  1-6  pm  gave 
satisfactory  agreement  with  calculations. 

V.  Maslov  and  Yu.  Marshak  [129]  Investigated  the.  settling  of 
fractions  of  powder  with  r  »  3.5-12.5  pm  in  a  vertical 

direct-flow  cycline,  the  walls  of  which  were  lubricated  with  vaselii e . 
Radius  of  the  cyclone  R  varied  from  2.5  to  20  cm,  entrance 
(tangential)  speed  was  from  2  to  21  m/s,  width  of  feeder  tube  h  ■ 

»  0.4  R.  Flow  in  these  experiments  was  self-simulating.  Experimental 
values  of  3  In  the  function  Stk  number  fall  on  the  same  curve 
(Fig.  8),  the  form  of  which  depends  only  on  the  ratio  of  length  L' 
and  radius  R  of  the  cycline. 
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Pig.  8.  Settling  of 
bichromate  dust  in  a 
direct-flow  cyclone. 


Walter  [130]  worked  with  very  narrow  (R  =  0.75-1. 4  cm)  and  long 
(L  «  16-20  cm)  cyclones  with  a  very  short  exit  pipe.  3  initially 

increased  with  speed  of  flow,  attained  a  maximum,  and  then  no 
longer  changed.  Growth  of  3  with  an  increase  of  size  and  particle 
density  and  with  a  decrease  of  R  was  much  stronger  than  that  for 
other  authors.  Thus,  in  one  experiment  at  R  -  0.75  cm  and  dust 
concentrations  of  10,  100,  and  500  mg/m3  3  equaled  0.8;  0.99,  and 
0.998.  With  R  =  0.95  ct  arid  at  r  =»  0.25,  0.30,  and  0.35  lim  c 
equaled  0.6,  O.987,  and  0.999-  No  one  has  yet  obtained  such  ligh 
efficiencies  in  a  cyclone.  It  is  also  difficult  to  understani  the 
high  separating  action  of  cyclones  in  these  experiments,  contradicting 
both  theory  and  data  of  other  authors  (see  Fig.  9  [131]).  Th  i 
situation  is  apparently  different  with  apparatuses  specially  Jesigned 
for  separation  of  dust  (Micropleks)  [Editor's  NOTE:  Mikroplecs, 
Russian  word  not  confirmed].  They  represent  a  very  low  cyclone  with 
flat  upper  and  lower  floors,  the  height  of  which  is  equal  to  the 
height  of  the  feeder  tube  (Rumpf  [130]).  Gas  moves  in  the  apparatus 
along  a  flat  spiral  and  emerges  through  an  opening  in  the  center  of 
one  of  the  floors.  For  elimination  of  wall  disturbances  the  floors 
rotate  at  approximately  the  same  speed  as  the  gas.  Through  the 
apparatus  only  those  particles  can  pass  which  under  the  impact  of 
centrifugal  force  have  a  speed  less  than  U  at  the  axis  of  the 


apparatus.  The  separating  effect  of  such  apparatuses  is  considerably 
higher  than  separating  effect  of  cyclones  (Pig.  9). 


Fig.  9-  Effectiveness  of  cyclones 
and  "Micropleks"  apparatuses  in 
function  of  particle  dimensions. 
•[Editor's  NOTE:  Russian  word  not 
confirmed] . 


Daniels  [132]  investigated  the  effectiveness  of  direct-flow 
cyclones  with  R  =  2.5  cm  and  L  -  25  cm  on  fractionated  quartz  dust 
and  found  that  8  very  slowly  increases  with  an  increase  of  r; 
with  a  flow  rate  cf  20  fc/s  from  0.72  at  r  =  10  um  to  O.83  at  r 
60  pm,  but  at  higher  speeds  3  starts  to  decrease  even  at  r  > 

>  25  pm.  By  special  experiments  the  author  showed  that  large 
particles  of  quartz  rebound  from  the  walls  (see  p.  1*15)  and  by 
this  disrupt  the  smaller  particles.  Therefore,  with  moistening 
of  the  walls  with  water  9  reaches  1  already  at  r  >  12  pm.  Accordin 
to  the  experiments  of  Stairmand  [133],  wetting  the  walls  of  the 
cyclone  considerably  increases  3  for  particles  of  all  dimensions 
investigated  by  him  (r  *  1-25  pm) . 


Vaffe  et  al.  [13*0  proposed  for  the  dispersion  analysis  of 
aerosols  an  instrument  of  the  cyclone  type,  consisting  of  spiral-li  :e 
channel  with  a  rectangular  cross  section.  The  height  of  section 
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gradually  decreases,  rate  of  flow  and  centrifugal  force  increase 
toward  the  axis  of  the  spiral,  at  which  there  is  a  lateral  opening 
for  the  escape  of  gas.  Basic  deficiency  of  instruments  of  this  type 
is  the  blowoff  of  the  precipitate  induced  by  the  high  rate  of  flow 
and  the  breaking  up  of  aggregates  in  the  boundary  layer.  Aerosol 
centrifuges,  as  already  was  said,  are  free  from  this  deficiency. 

Louvered  Dust  Separators 

The  mechanisms  of  operation  of  louvered  dust  separators  has  been 
investigated  by  Smith  and  Goglia  [135],  working  with  very  hard 
alundum  dust.  By  passing  a  very  thin  fraction  of  dust  througl  a 
dust  separator  and  observing  it  under  lateral  illumination,  tl e 
authors  determined  the  field  of  flow  in  the  apparatus  (Fig.  1( ) ,  and 
then  converted  to  large  particles.  As  can  be  seen  from  Fig.  11, 
particles  which  rebound  like  elastic  bodies  (A)  do  not  pass  through 
the  louvers,  but  slowly  rebounding  particles  (B)  or  those  moving  at  a 
great  angle  to  the  line  of  louvers  (C)  are  attracted  by.  air  current 
through  the  louvers.  The  effectiveness  of  a  dust  separator  if  very 
low  at  r  »  10  urn,  but  grows  rapidly  with  an  increase  of  r  and  reaches 
0.95-0.97  at  r  =  20  ym.  For  less  elastic  particles,  aggregate, 
etc.,  effectiveness  of  the  apparatus  should  nevertheless  be 


Fig.  10.  Field  of  flow  in  a 
louvered  dust  separator. 


considerably  lower  (see  p.1^3  )• 
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rig.  11.  Trajectories  of 
alundum  particles  in  a 
louvered  dust  separator. 


Intake  of  Aerosol  Samples 

We  will  switch  to  the  problem  of  intake  of  aerosol  samples. 

L.  Levin  [116]  calculated  the  effectiveness  of  intake  of  a  sample 
from  a  uniform  flow  of  aerosol  in  a  point  drain  (i.e.,  a  very 
narrow  opening),  teklng  into  account  inertia  and  sedimentation  of 
particles,  and  obtained  the  formula 


3  ■  nln%  «  !  —0.84  j- 

-f*  0.06 4*  +  •  •  •  (A. 2) 

♦  -(§)*'* {'u*  :  V*W‘'  (4.3) 

where  nQ  and  n  -  concentration  of  initial  aerosol  and  sample  taken, 
t  —  relaxation  time  of  particles,  *  —  volume  of  aerosol  drawn  in  1  s 
UQ  -  speed  of  undisturbed  flow,  Vg  -  speed  of  particle  settling. 
Accuracy  of  formula  (*1.2)  decreases  with  an  increase  of  k;  it  equals 
-''lZ  at  k  ■  0.25  and  *v2.5%  at  k  ■  0.5.  This  formula  is  applicable 
al3o  at  a  finite  dimension  of  the  opening  under  the  condition  that 
the  average  rate  of  flow  in  the  opening 

A  case  of  increase  in  concentration  in  the  sample  cannot  be 
encountered  in  this  theory,  since  the  rate  of  flow  in  an  Infinitely 
narrow  opening  in  any  case  is  greater  than  Uq.  As  formula  (4.2)  and 
(4.3)  show,  for  a  decrease  in  concentration  in  the  sample  it  is 
necessary. to  have,  in  addition  to  inertia  of  particles,  the  presence 
of  particle  motion  in  an  undisturbed  aerosol,  i.e.,  either  flow  of 
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'<•  r  U  r  rtllng  of  {article:,  under  tnr  Influence 

r*:j  extern  »i  force  CV„).  Further  from  these  formulas  it  foi  lew  ;  that 
for  the  extraction  of  proper  samples  at  high  speeds  of  flow  of 
aerosol  a-id  with  large  particles  it  Is  necessary  to  use  high  speeds 
of  suction,  and  that  the  average  dimension  of  particles  in  the  sample 
is  less  than  in  the  initial  aerosol. 

£n  the  case  of  intake  of  a  sample  in  an  infinitely  narrow  'lat 
aperature  a  formula  is  obtained  which  is  applicable  at  #£>*!/• 

3  4.  1—0,451  *  0,148  **  +  .  . 

where 

*-*  :  Vs\y. 

and  —  rate  of  suction  per  unit  of  length  of  aperture. 


Fig.  12.  Intake  of  aerosol 
sample  through  overturned 
funnel  with  a  filter. 


Walton  [136]  investigated  the  intake  of  a  sample  from  an  asrosol, 
moving  slowly  in  a  horizontal  direction,  through  an  overturned 
funnel  with  radius  R  (Fig.  12)  with  a  filter  which  creates  a 
uniform  rate  of  flow  U  at  the  entrance  into  the  funnel.  The 
author  disregarded  inertia  of  particles.  According  to  rules 
established  by  him  earlier  [137],  the  number  of  particles  drawn 


.1  :  liter  in  i  :  equals  xft*n  it  —  l\|  ,  and  effectiveness  of  Intake 
J  i  i v(  -  Here  the  deposit  on  the  filter  3hould  be  absolutely 
uniform,  which  has  been  confirmed  experimentally.  All  of  this  13 
true  only  at  a  very  small  funnel  height,  otherwise  this  simple 
picture  is  complicated  due  to  the  precipitation  of  particles  on 
the  walls  of  the  funnel,  entrance  effects,  etc. 


Pig.  13.  Pig-  14. 

Pig.  13.  Dependence  of  sample  intake  efficiency  on 
ratio  of  rate  of  flow  outside  (UQ)  and  inside  (U)  a 
tube. 

Fig.  14 .  Dependence  of  sample  Intake  efficiency  on 
slant  of  tube  toward  direction  of  flow  (UQ/U  ■  1). 


Figures  13  and  14,  taken  from  the  article  by  Watson  C138],  give 
the  results  of  experiments  by  c  number  of  authoi*a  on  selection  of 
samples:  in  Pig.  13  —  dependence  of  efficiency  of  intake  of  sample 
through  a  tube,  located  parallel  to  the  flow,  on  the  ratio  flow 
rates  outside  and  inside  the  tube,  in  Pig.  14  —  dependence  of  3  on 
the  slant  of  the  tube  toward  the  direction  of  flow.  Diameters  of 
particles  are  shown  on  the  curve. 

If  an  aerosol  with  concentration  n0,  flowing  with  a  speed  UQ,  is 
aspired  at  the  rate  U  into  an  intake  tube  with  radius  R  and  with 
infinitely  thin  walls  located  parallel  to  the  flow,  then  the  flow 
lines  of  gas  entering  the  tube  at  a  sufficiently  great  distance  from 
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i*  a:---  il.-iied  t;y  a  cylindrical  surface  with  radius  RA  so  that 
nR:V  xfO  n-  If  t/ <  h',. /?,-/?,  ,  i-e.,  flow  xlnes  diverge  upon 
approaching  the  tube,  then  the  particle  flux  Inside  the  stated 
surface  which  is  equal  to  a RfnJ\,  will  completely  enter  the  lnnake 
tube.  Prom  the  ring-shaped  space,  limited  by  cylinders  with  radii 
Rq  and  R,  all  the  flow  lines  pass  outside  the  intake  tube.  Of  the 
particles  located  in  this  space  a  certain  part  a  will  enter  the  tube 
due  to  inertia.  The  flux  of  these  particles  equals  as  (If*— R$  nj \ . 

The  sum  of  these  two  fluxes  is  equal  to  the  flux  inside  the  tube 
TilPnt' ,  where  n  -  concentration  of  aerosol  Inside  tube.  Prom  this 
It  follows  that 


m 


I  —  *  -r  . 


:u.6) 


In  the  case  of  U  >  UQ  in  this  equation  the  sign  of  a  should  be 
reversed.  The  value  of  a  is  changed  from  *v0  for  very  fine  up  to 
^1  for  very  large  particles  anc  depends,  naturally,  on  the  type  of 
field  of  flow  at  the  entrance  into  the  tube.  With  the  help  of  rather 
rough  calculations  Badzioch  [139]  arrived  at  the  formula 

a  (I  (4.7) 

in  which  —  inertia  path  of  particle,  L  —  distance  from  tube,  at 
which  noticeable  expansion  (or  narrowing)  of  flow  lines  (i.e.,  not 
a  very  definite  value)  starts.  The  author  calculates  not  by  the 
formula  (3*7)  but  by  the  formula  of  Stokes,  which  in  this  case 
(Re  *  6-17)  leads  to  noticeable  errors. 

Figure  15  gives  the  results  of  experiments  by  Badzioch  in  i  wind 
tunnel  with  spherical  particles  of  zinc  and  round  ones  of  a  silicate 
catalyst  (y  ■  1.4)  with  average  sedimentation  radii  rs  ■  10-15  pm. 

As  can  be  seen  from  the  graph ,  experimental  points  are  contained 
between  two  curves  (4.7)  with  values  L  2  and  5  cm.  The  great  extent 
of  scattering  of  experimental  points  is  not  surprising  at  such 
considerable  intervals  of  values  UQ  (8-24  m/s)  and  UQ/U  (0.25-4.1) 
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Fig.  15-  Dependence  of 
parameter  a  during  Intake 
of  sample  on  the  inertia 
path  of  the  particles. 


In  which  the  experiments  were  conducted.  The  considerations  of  the 
author  on  the  dependence  of  L  on  R  are  weakly  founded,  are  not 
confirmed  by  experiment,  and  therefore  are  not  presented  here.  A 
semiemplrieal  method  for  determination  of  the  relationship  between 
a  and  fc^R  =*  Stk  is  proposed  by  Watson  [137]. 

Walter  [1*10  1  measured  the  flow  field  during  intake  of  a  sample 
through  a  tube  with  thick  walls  (Pig.  16).  We  see  that  even  during 
1 re*;i ~  intake  a  dead  *ivne  with  lowered  speed  will  be  formed  in 
front  of  the  entrance  to  the  tube.  Current  lines  here  are  strongly 
distorted;  with  an  increase  in  the  aspiration  rate  the  current  liijes 
are  noticeably  rectified.  In  agreement  with  these  data  during  the 
isokinetic  Intake  of  dust  according  to  Walter  very  unstable  and 
understated  (up  to  50%)  concentration  values  are  obtained.  With  an 
Increase  of  aspiration  rate  (even  a  few  times)  constant  and  more  or 
less  regular  results  are  obtained  in  complete  contradiction  with 
the  data  in  Pig.  13. 

Dennis  et  a],  [1*113  investigated  the  work  of  Intake  tubes  of 
the  neutral  type.  In  these  the  isokinetic  state  is  controlled  by 
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PiG*  16.  Field  of  flow  during  Lao- 
kinetic  intake  of  sairnle  througi  tube 
with  thick  walls.  Below,  the  rite  of 
flow  along  the  axis  of  tube,  m/3. 


the  equality  of  static  pressures  inside  and  out 3ide  the  intaki  tube. 

It  turned  out  that  wit;,  observance  of  this  condition  the  concentration 
of  dust  in  the  tube  is  too  low  an  I  for  obtaining  correct  resu  ts  il¬ 
ls  necessary  that  the  external  pressure  is  greater  than  internal,  i.e., 
it  is  necessary  to  increase  the  aspiration  rate.  The  more  it  is 
increased  then  the  greater  the  flow  rate  outsld*  the  tube.  However, 
according  to  Dennis  this  is  explained  not  by  th»  incorrectness  of 
principle  of  isokinetic  Intake,  but  by  a  loss  of  pressure  in  * ube 
due  t.o  friction  and  eddies. 


Thus,  the  problem  of  intake  of  aerosol  samples  from  a  floi  has 
still  not  been  definitely  solved.  The  main  difficulty  in  the 
solution  of  this  problem  is  apparently  the  exact  determination  of 

i 

true  concentration  in  the  flow  of  a  coursely  dispersed  aeroso.  . 

Slot  Instruments 

A  very  thorough  investigation  of  the  work  of  konimeters,  .e., 
slot  instruments  with  round  openings,  was  conducted  by  Rober  ;142]. 
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e  .  I ■_ was  giver,  to  three  types  of  nozzles  -  cylindrical 

jnlcal  and  nozzle  with  a  curvilinear  profile.  In  which  the  speed 
of  flow  increases  linearly  with  the  distance  covered.  In  the  two 
iist  eases  the  ratio  of  diameters  of  entrance  and  exit  openings 
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equaled  10.  From  the  experiments  of  Rober  it  follows  that, 
although  the  Ref  numbers  reached  *4000-5000,  the  flow  was  laminar  — 
a  circumstance  which  was  not  considered  in  proper  light  in  previous 
works.  Here  a  parabolic  profile  of  flow  velocities  could  not  be 
established  in  the  nozzles.  Having  measured  these  profiles,  the 
author  calculated  the  speeds  obtained  by  aerosol  particles  with 
different  t  in  nozzles  of  various  form.  Least  relative  velocity  of 
particles  and  air  (least  splitting  up  of  aggregates  in  the  opinion  of 
the  author)  is  attained  with  a  form  of  nozzles,  intermediate  between 
cylindrical  and  curvilinear. 


There  are  several  factors  promoting  the  displacement  of  particles 
toward  the  axis  of  the  nozzle:  •  displacement  of  current  lines 
connected  with  a  change  in  flow  profile,  the  effect  described  on 
pp.  5-6,  and,  finally,  in  nozzles  with  cirvilinear  profile  -  inertial 
displacement.  The  last  effect  has  the  greatest  significance:  in 
experiments  with  polydispersed  coal  dust  at  U  ■  50-100  m/s  and  radius 
of  outlet  R  ■  0.2  mm,  a  noticei.ble  (by  'MSJ)  narrowing  of  the 
dust  stream  was  established  in  comparison  with  the  width  of  the  outlet 
ir.  ourvJi ±rl«tu‘  nozzles;  in  nozzles  of  ocher  types  the  presence  of 
narrowing  was  not  reliably  established.  Since  particles  moving  near 
the  walls  of  a  nozzle  emerge  from  it  at  a  low  speed,  then  it  is 
clear  that  narrowing  of  the  aerosol  stream  very  much  promotes  an 
increase  in  the  efficiency  of  the  konimeter,  and  this  in  its  turn 
demonstrates  the  advantage  of  curvilinear  nozzles. 


Theoretical  calculation  of  the  field  of  flow  in  a  stream 
emerging  from  a  konimeter  (in  contrast  to  calculation  in  a  stream 
coming  out  of  a  flat  slot)  is  very  difficult.  Rober'a  model 
experiments  with  tobacco  smoke  emerging  from  a  cylindrical  tube  with 
2R  ■  10  mm  at  a  distance  of  d  *  10  no  from  tube  to  plate  (the  equality 
2R  and  d  was  also  observed  in  the  experiments  described  below)  with 
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Fig.  17*  Contours  of  streams  coming  out  of 
a  konlmeter  at  various  Ref  numbers. 


a  parabolic  profile  of  flew  velocity  gave  the  results  shown  ir 
Fig.  17  for  the  contour  of  the  stream.  Curve  T  corresponds  tc  ar. 
ideal  case  -  preservation  by  the  stream  of  its  average  velocity 
during  spreading.  Hence  Rober  made  the  conclusion  that  in  the  region 
adjoining  the  tip  of  the  noszlt ,  in  which  practically  the 
precipitation  of  all  the  parr  ides  occurs,  the  flow  can  be  coraidered 
self-8imulat lng. 

The  results  01  Hober'r  primitive  calculation  of  t rajectori is  of 
particles  conform  poorly  with,  data  from  the  model  experiments  by  the 
author  with  ly  COp odium  powder  .  or;  these  experiments  we  used 
cylindrical  tubes  with  a  diameter  of  9  mm  and  such  a  length  U  at 
in  them  it  was  possible  to  form  parabd1  c  velocity  profile,  aid 
the  spores  practically  obtained  the  speed  of  air.  me  P.e nun  Per 

-A 

varied  within  limits  of  260-9500.  Trajectories  of  particles  t  etweer. 
the  tube  and  the  plate  were  photograpned .  Results  of  the  experiments 
are  shown  ir  Fig.  16,  in  which  n,  —  *,  ■  pt/R  t  p^  and  p^  -  ci3tances 

of  particle  from  the  axis  at  the  beginning  and  end  of  trajecury, 
k -*  RhU .  For  lycopodium  powder  t  *  0.0028  s.  The  straight  line  ir. 
Fig.  18  corresponds  to  t  » 


The  aata  obtained  bv  Rober  about  the  mechanism  of  format i'.  r.  of 
a  ring-shaped  deposit  in  konimeters  are  interesting.  With  sufficiently 


Pi c .  18.  Trajectories  of  particles 
in  a  konimeter. 


effective  lubrication  of  plates  the  ring-3haped  deposits  will  not 
be  formed,  i.e.,  it  Indeed  i3  caused  by  blowoff  or,  more  correctly., 
the  rebound  of  particles  Initially  reaching  the  plate.  However, 

1  he  formation  of  a  deposit  is  caused  not  by  deceleration  of  flow 
near  the  plate,  as  this  was  usually  assumed,  but  by  vortices  forming 
l ehind  the  point  of  separation  of  the  laminar  boundary  layer  from  th? 
(late.  This  is  indicated  by  the  following  facts:  a  deposit  will  be 
: ormed  only  at  a  rate  of  flow  exceeding  a  certain  critical  value; 
c'iameter  of  the  deposit  increases  with  an  increase  of  the  rate  of 
flow;  the  Inner  edge  of  the  deposit  is  very  sharp.  During  the 
formation  of  deposits,  due  to  deceleration  in  rate  of  flow  everythin; 
could  occur  differently. 

The  results  of  the  last  part  of  the  work  by  Rober,  which  deals 
rith  the  effectiveness  of  adhesion  of  particles  of  dust  to  a  plate, 

; re  expounded  on  p.  1^5-  As  a  result  of  his  investigations, 

Rober  considers  as  optimum  a  nozzle  with  a  curvilinear  profile: 
diameters  of  inlets  and  outlets  3*0  and  0.3  mm,  respectively, 

.ength  15  mm,  average  speed  of  flow  at  outlet  200  m/s.  However, 
the  conclusion  of  the  author  that  in  such  a  konimeter  complete 
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Fig.  19.  Settling  cf  particles  of  in 

a  cascade  impactor. 

precipitation  of  particles  with  r  ">  0..'l5  um  (with  y  0  1)  shou:d  take 
place  (founded  on  a  series  of  rather  rough  calculations),  is  rot 
fully  convincing. 

Cascade  impactors  have  found  wide  application  fcr  dispersion 
analysis  of  dusts  recently  (especially  in  the  Uni  tec  States). 

The  following  method  turned  out  to  be  very  convenient.  First  the 
impactor  is  calibrated,  i.e.,  with  the  help  of  a  microscope  a 
determination  is  made  of  the  average  size  cf  particles  of  a  g!  ven 
dust  deposited  in  each  cascade.  Then  either  by  weighing  on 
microbalances  or  by  an  analytical  method  the  masr  of  deposit  :  n 
each  cascade  is  determined,  and  :Lr.  such  a  way  the  fractional 
composition  of  dust  is  found.  Very  significant  here  is  the  qiestion 
of  how  completely  different  fractlonr  are  separated  in  the  imi  actor. 
Figure  19  gives  the  results  of  a  series  of  measurements  of 
dust  which  were  made  by  Lippman  ^1^3]*  Here  in  all  the  measurements 
the  concentration  of  dust  was  different.  As  can  be  seen  from  the 
graphs,  in  the  deposits  obtained  in  all  three  cascades,  a 
logarithmically  normal  distribution  of  sizes  of  particles  was 
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observed.  Here  the  si-ses  of  the  snallest  particles  in  the  deposit 
of  fourth  cascade  are  equal,  i.e.,  separation  is  very  incomplete. 
However,  the  value  of  the  median  radius  and  mass  of  deposit  in  each 
cascade  is  usually  sufficient  in  practice  to  characterize  the  degree 
of  dispersion  of  the  dust. 

Inertial  Precipitation  of  Aerosols 
~~  on  Bodies  of  Different  Form 

During  the  last  few  years  a  rather  large  number  of  iJorks  have 
appeared  on  the  inertial  precipitation  of  aerosols  on  bodies  of 
different  form.  Extensive  calculations  of  the  coefficient  of 
inertial  precipitation  of  particles  from  potential  flow  were  carried 
out  in  the  Lewis  Flight  Propulsion  Laboratory  with  the  help  of  a 
mechanical  Integrator  specially  designed  for  this  purpose.  The 
authors  originated  from  equations  of  motion  of  particles  at  large  fte, 
which  in  the  absence  of  external  forces  for  spherical  particles 
take  the  form 


etc. 


or,  passing  to  dimensionless  variables  x'  *  x/R, 


r  «■  tu%.R,  if, «  (/,/«/,.  v»  -  vycy  «tc  • » 

etc* 


(4.8) 


(4.9) 


Here  Re  *=»  2r  \(UX  —  l',)s  (ty  —  l*,)5!**  v  and  only  at  small  Re  the 
equations  (4.9)  take  a  simple  form 


(4.10) 


and  it  is  possible  to  calculate  separately  the  movement  of  particles 
along  axe3  x  and  y.  In  general  it  is  necessary  in  each  point  to 
know  the  Re  value  and  to  simultaneously  calculate  movement  along  both 


Fig.  20.  Inertial  precipitation  of  particles 
during  potential  flow  past  a  cylinder;  1  — 

$  *  0;  2  —  <t>  =  100;  2  —  4>  *  1000;  4  —  $  * 

-  10,000;  5  ~  <J>  *  50,000. 

Figure  20  presents  the  graphs  for  (j.  Stk),  calculated  by  Brun  et  al. 
[144,  145],  for  precipitation  on  a  cylinder  with  different  values 
of  the  parameter  <i>  -  ReVStk  «*  lS\kRU^v\  -•  9  Rc,  ye/y  ,  not  depending  cn  the 
size  of  particles,  but  Jointly  with  the  Stk  number  characterizing 
the  degree  of  deviation  of  their  movement  from  movement  according 
to  the  Stoke3  formula,  which  corresponds  to  very  small  values  of  $. 

A  comparison  of  these  evidently  very  exactly  calculated  graphs  with 
those  obtained  by  Langmuir  and  Blodzhett2  shows  that  the  values  of 
?  in  the  latter  are  very  low  (in  places  up  to  10%). 

Figure  21  shows  the  curves  for  local  coefficients  of 
precipitation  *i«c .  Such  is  called  the  ratio  of  number  of  particles, 
precipitated  from  uniform  particle  flux  on  a  given  element  of  surface, 
to  their  number,  which  would  be  precipitated  at  rectilinear 
trajectories  of  particles  on  an  equidimensional  element  of  surface 
perpendicular  to  these  trajectories.  Maximum  value  of  %•*  (with 
Stk  •*  «)  is  obviously  equal  to  sin  8.  These  graphs  also  give  the 
width,  expressed  in  radians,  of  the  deposit  on  a  cylinder,  determined 
by  the  points  of  intersection  of  the  curves  with  the  axis  of 
abscissas.  Furthermore,  in  the  work  they  also  calculated  the 
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Fig.  21.  Local  coefficient  of  precipitation 
during  potential  flow  past  a  cylinder: 
a)  $  *  0;  b)  <p  «  100;  c)  $  ®  1000;  d)  <J>  * 

-  10,000;  e)  <p  »  50,000.  1  -  Stk  «  0.25; 

2  -  Stk  -  0.50;  3  -  Stk  -  1;  4  -  Stk  -  2; 

5  -  Stk  “  24;  6  -  Stk  *  16;  7  -  Stk  =  °°. 

velocities  of  particles  along  both  axes 
at  the  time  of  their  collision  with  cylinde  '. 


Analogous  calculations  have  been  made 
for  precipitation  on  spheroids  [147], 
wings  of  aircraft  [148,  149],*  in  two- 
dimensional  channels  with  a  turn  at  90° 
[151],  etc.  The  effect  of  compressibility 
of  air  on  value  of  coefficient  of 
precipitation  has  also  been  calculated. 

This  effect  is  important  at  speeds  of  flow 
which  are  comparable  with  the  speed  of 
sound,  and  leads  to  a  small  lowering  of  ? 
£'152].  This  effect  is  insignificantly  smal  L 
at  very  large  and  very  small  Stk  numbers , 
and  for  a  cylinder  at  UQ  ■  130  m/s  attains 
a  maximum  at  Stk  %  5,  where  it  leads  to  a 
lowering  of  a  by  0.5*  at  $  «  0  and  by  3% 
at  <p  -  50,000. 


Fonda  and  Herne  [153]  conducted  an 
exact  calculation  of  precipitation  on 
a  sphere  during  potential  and  viscous  flow  (Fig.  22). 

Knowledge  of  theoretical  curves  (j.  Stk)  for  cylinders  makes  it 
possible  to  determine  the  conteht  of  liquid  water  and  average 
dimension  of  drops  in  supercooled  clouds  -  the  most  imporant  factors 
in  the  formation  of  ice  on  aircraft  [144],  For  this  they  use  somewhat 
slowed  down  revolving  cylinders  of  different  diameter  set  on  the 
airplane  fuselage.  Drops  of  water  hitting  against  the  surface  of 
cylinders  freeze  and  cover  the  cylinders  with  a  thin  uniform  layer 
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Pig.  22.  Inertial  precip¬ 
itation  of  particles  on  s 
sphere . 


3,% 


of  ice.  They  determine  the  mass  of  ice  ♦  settled  on  an  unit  of 
length  of  each  cylinder  in  an  unit  of  time,  equal  to  2RUjc,  where 
c  —  concentration  by  weight  (water  content)  of  the  cloud,  Uq  -  speed 
of  aircraft.  Data  obtained  are  slotted  in  coordinate,.  (K(«r).  h  (l/ft) I 
and  a  curve  is  drawn  through  the  points. 

For  simplicity  let  us  take  the  situation  that  a  cloud  is 
isodispersed .  Since  under  the  conditions  of  the  experiment  lfi  x)  ■ 

*  Id  i  H-  const  and  lg  Stk  ■  lg  (1/R)  +  const,  then  the  experiment!  1 
H(j  (xr).  In  (!//?)!  and  theoretical  (lg*.  Ig  Stk)  curves  have  to  conform  during 
parallel  shifting  and  based  on  t.ie  extent  of  displacements  on  both 
axes  one  can  determine  the  values  of  c  and  Stk,  and  from  here  r. 

In  view  of  the  fact  that  together  with  R  the  parameter  $  is  clanged, 

it  is  necessary  to  use  curves  (lg*.  IgStk)  ,  plotted  not  with  $  •  const, 

2 

but  with  $  Stk  *»  Re  »  const,  since  specifically  this  value  rt  mains 
constant  in  these  experiments.  It  Is  also  necessary-  to  select 
that  value  of  constant  at  which  It  is  possible  to  Join  the 
theoretical  and  experimental  curves.  In  actual  polydispersed 
clouds  the  calculation  is  complicated,  and  accuracy  of  determination 
of  concentration  by  weight  and  weight  median  radius  of  drops  :'n 
this  case  is  not  great. 

TrJbus  et  al.  [IS1*]  and,  in  more  detail,  Serafini  [87]  ex. joined 
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Fig.  23*  Trajectories  of  drops  during 
supersonic  flow  past  wedge-shaped  profile. 

the  precipitation  of  water  drops  on  two-dimensional  wedge-shaped 
profiles  at  supersonic  speeds  of  flow  (Fig.  23).  In  this  case  the 
field  of  flow  differs  sharply  from  those  examined  earlier.  The  flov 
(.with  speed  U.  )  in  front  of  the  shock  wave  formed  before  the  profile, 
remains  undisturbed.  Behind  the  wave  the  flow  U2  is  also  uniform, 
but  is  directed  parallel  to  the  surface  of  wedge.  The  drop,  .initially 
having  the  velocity  V1  «  U^,  after  crossing  the  wave  possesses 
relative  velocity  V,  *?',—  <**  and  its  absolute  velocity  is  composed 
of  constant  velocity  and  gradually  decreasing  velocity  Vr*  The 
particle  reaches  the  surface  of  wedge  in  the  case  when  its. inertia 
range  l i  in  the  direction  is  greater  than  the  distance  BD. 
Trajectories  of  all  drops  up  tc  crossing  with  the  surface  of  the 
wedge  obviously  have  an  identical  form.  Using  formula  (3-7),  it  is 
possible  with  the  help  of  simple  trigonometric  calculations  to 
determine  the  critical  value  of  segment  AE,  through  which  will  pass 
all  he  drops  attaining  the  surface  of  the  wedge,  the  corresponding 
value  ED,  i.e.,  the  width  of  deposit  on  the  wedge,  and  also  local 
coefficients  of  precipitation.  It  is  obviously  not  necessary  to 
speak  in  this  case  of  the  general  coefficient  of  precipitation. 

Due  to  simplicity,  the  favorite  method  for  investigation  of 
aerosols  -  the  precioitation  of  particles  on  a  glass  plate  set 
perpendicular  to  the  flow  -  could  give  good  results  if  the  values  of 


the  local  coefficient  of  precipitation  In  the  function  of  Stk 
number  In  the  middle  of  plate  were  exactly  known;  during  construction 
of  the  distribution  curve  of  particle  dimensions  one  should  only  have 
to  divide  the  number  of  particles  of  a  given  size,  counted  in  i he 
precipitate,  into  the  number  corresponding  to  this  size. 

At  fairly  large  Ref  numbers  flow  past  a  plate  occurs  with 
detachment  of  flow  from  the  edge3  of  the  plate.  For  this  case 
L.  Levin  [155]  calculated  in  the  middle  of  a  plate  (see  Tal  le  2). 
It  is  very  significant  that  the  value  **.«  here  turned  out  to  be 
practically  constant  for  the  entire  inner  part  of  the  plate,  m;  king 
up  more  than  half  of  its  width.  It  is  necessary,  however,  to 
consider  that  in  Table  2  no  consideration  is  given  to  the  bourn  ary 
layer  effect  or  the  effect  of  contact,  i.e.,  it  can  be  used  on.  y  at 
high  values  of  Re^,  and  small  valves  of  r/h,  where  h  —  half-wid- h  of 
the  plate  (SI k  -  ) . 

Mable  2.  Local  coefficients  of  precipitation 
on  flat  plate  from  a  potential  flow  with 
detachment . _ _____ _ 

Sik  1  2  3  4  5  7.5  »•»  13  V*  ■*' 

|  rt  «>.|$  0,35  0,44  0,40  0.5fi  O.IO  0,07  0,72  0.77  o.KI 


Proceeding  from  the  theory  of  flow  of  an  "aerosol  liquid" 

(see  p.  J|3),  Robinson  [135]  obtained  an  approximate  formula  for-  the 
coefficient  of  precipitation  during  potential  flow  past  a  cylii  drical 
surfnoe  of  arbitrary  profile  and  3tnall  Re  numbers.  During  derivation 
of  this  formula  it  was  accepted  that  the  value  0  —  V  Is  small 
everywhere,  which  Is  cler.rly  incorrect  near  the  surface  of  bod;  , 
and,  indeed,  the  formula  gives  values  of  a  which  are  strongly  * oo 
high  at  all  values  of  Stk  besides  Stk  »  ». 

Further  Robinson  proved  that  if  speed  of  sedimentation  of 
particles  is  considerably  less  than  the  speed  of  flow,  the  effects 
of  precipitation  at  the  expense  of  gravity  and  inertia  are  additive. 
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G.  Matanson  [156]  calculated,  using  the  numerical  method 
(disregarding  the  coupling  effect,  i.e.,  considering  R  >>  r),  Stkkr 
for  Stokes  particles  during  viscous  flow  past  a  sphere  based  on 
Stokes:  =  1*21  ±  0.01  ir.  very  good  agreement  with  the  value 

found  earlier  by  langmuir  [157]-  During  flow  past  a  sphere  according 
to  Oseen  at  Ref  *  0.1  Stkkr  *  1.15  ±  0.01  and  during  flow  past  a 
cylinder  according  to  Oseen  at  Ref  *  0.1  Stkkr  *  4.3  ±  0.1. 


The  problem  of  calculating  Stkkr  at  small  Re^.  is  examined  in 
a  general  form  by  L.  Levin  [157].  The  value  of  Stkkr  is  closely 
connected  with  the  nature  of  flow  near  the  front  stagnation  point. 


i'ha  speed  of  flow  along  axis  x  in  all  cases  can  be  expressed  by 


the  approximate  formula  Ux  ■  -ax  , 
is  w'accd  at  th**  stagnation  point. 


if  the  beginning  of  the  coordinates 
Taking  Stk,  -  Aam,  whore  A  and 


m  are  constants,  it  is  possible  to  show  that  m  *  -1/n.  Thus,  during 


potential  flowing  around,  when  n  «  1,  Stkkr  ■  l/4a  [159].  During 
viscous  flowing  around  a  sphere  and  cylinder,  as  can  be  ascertained 


from  the  corresponding  equations  of  field  of  flow,  n  ■  2  and  Stkkr  ■ 
=  Ala'' .  From  the  expression  derived  by  Levin  for  a  in  the  case 


of  Oseen  flow  past  a  sphere,  a  *  (24  +  12  Ref)/(l6  -  y  ref),  it  is 
easy  to  see  that  in  the  area  of  applicability  of  Oseen  equations 


Stk 


kr 


slowly  decreases  with  an  increase  of  Re^.. 


L.  Levin  also  estimated  the  boundary  layer  effect  on  the  value 
of  Stkkr  during  potential  flowing  around:  he  showed  that  Stkkr  does 
not  exceed  the  value  z,  determined  by  equation 


(4.11)' 


where  constant  8  equals  3*8  when  flowing  around  a  cylinder  and  1.8 

5 

when  flowing  around  a  plate.  For  a  cylinder  z  ■  0.17  at  Re-  »  10 

•a  1 

and  0.25  at  Ref  ■  10J,  i.e.,  noticeably  exceeds  the  value  of  Stkkr  in 

the  absence  of  a  boundary  layer  (0.125). 

Davies  and  Peetz  [160]  calculated  coefficient  of  precipitation 
of  Stokes  particles  on  cylinder  taking  into  account  coupling  for 
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three  cases:  potential  flowing  around  without  a  boundary  layer  and 
viscous  flowing  around  at  Ref  ■  10  and  0.2.  Besides  this  calculations 
were  made  of  velocities  of  particles  at  the  time  of  collision  and  for 
case  r/R  <<  1,  the  width  of  the  deposit,  and  local  coefficient j  of 
precipitation.  Results  of  calculations  of  3  are  shown  in  Pigs.  24-26. 
For  Ref  »  10  the  field  of  flow  calculated  by  Thom  [l6l]  is  taken; 
here  the  value  Stk^r  ■  0.42  is  obtained.  Thus,  the  authors  obtained 
considerably  lower  values  for  9  than  Landahl,  who  originated  f-'orn 
the  same  field  of  flow  [162].  The  Landahl  curve  ir.  undoubtedly 
incorrect,  since  already  at  Stk  ■  6  it  reaches  the  curve  for 
potential  flow. 

For  Ref  *  0.2  the  authors  used  the  field  of  flow  calculate!  by 
Pnv5.cc  [163]  during  flowing  around  a  cylinder  with  this  Re^,.  \s 
already  indicated  in  the  literature  [156],  these  calculations  are 
inaccurate  near  the  stagnation  point;  it  emanates  from  them  th  it 
tjjie  speed  of  flow  along  the  axis  x  here  equals  Ux  *  -ax  which,  as  we 
saw  above,  takes  piace  only  during  potential  flowing  around. 

Therefore  the  value  Stkkr  -  0.899.  calculated  from  the  value  o? 
coefficient  a,  is  undoubtedly  minimized.  The  stated  clrcumsta  ice 
waq  apparently  reflected  also  on  the  accuracy  of  initial  sections 
of  curves  in  Fig.  26.  This  remark  pertains  also  tc  the  case  R?f  » 
-10. 

•  1 

» 

U 

1 

Fig.  24.  Inertial  precipitation  on  a 
cylinder  during  potential  flowing 
around  taking  into',  account  the  coupling 
effect . 


Stn 


Fig.  25.  Inertial  precipitation  on 
cylinder  at  Re^  ■  10. 


Fig.  26.  Inertial  precipitation  on  a 
cylinder  at  Ref  ■  0.2. 


We  will  switch  to  experimental  investigations  of  the  settling 

» 

of  aerosols  from  a  flow  onto  various  bodies.  Gregory  [l6lJ]  worked 
with  lycopodium  power  (r  ■  16  pm),  precipitated  on  cylinders  which 
were  lubricated  with  a  sticky  composition  with  r  ■  0.1-10  mm  at 
an  airspeed  of  1-10  m/s  in  dynamic  tube.  His  results  are  close  to 
the  data  of  Rantz  and  Uong  [162]. 

Lewis  and  Ruggieri  C 1653  sprayed  colored  water  in  a  wind  tunnel 
with  a  2  x  3  m  cross  section  at  U  ■  76  m/s  and  determined  by  the 
colorimetric  method  the  amount  of  fog  precipitated  on  bodies  located 
in  the  tunnel  (bodies  were  covered  with  strips  of  filter  paper);  these 
were  spheres  with  R  ■  7.5  and  22.5  cm,  ellipsoids,  and  a  cone.  Since 
the  fogs  (r  ■  5- 5-9. 5  pm)  were  quite  polydispersed,  then  the 
theoretical  calculation  of  precipitation  was  performed  taking  into 
account  dispersed  composition  of  the  fog.  Figure  27  gives  the 
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Fig.  27.  Inertial  precipitation  of  water 
drops  on  a  sphere.  Solid  curves  —  experi¬ 
mental,  intermittent  -  theoretical.  Lower 

curves:  r  ■  5*75  pm;  Stk'  «  0.06:  upper 
m  m 

curvco .  r  ■  8.35  pm,  Stk’  «  O.Ijl. 


theoretical  and  experimental  curves  of  local  coefficient  of 
precipitation  in  function  of  dimensionless  distance  from  the 
stagnation  point  s/R  for  two  values  of  weight  median  radius  of  drops 
and  the  respective  corrected  Stok*»s  number,  expressed  through  ;he 
true  value  of  length  of  inertial  path  [see  formula  (3.7)]*  As 
can  be  seen  from  the  figure,  agreement  of  theory  with  experime  it 
is  fully  satisfactory  here. 

1 

V.  Ignat ’yev  [166]  measured  the  coefficients  of  precipitation  of 
coal  and  iron  dust,  separated  by  air  elutriation  into  fraction* 
with  r  from  6  to  ldO  pm,  onto  cylinders  with  R  »  0.6-2. 5  cm  in  a 
descending  vertical  flow  with  U  •  2-16  m/s,  i.e.,  at  Ref  • 
n  1600-51* »000 .  On  the  cylinder  was  placed  a  vaseline  lubricatid 
celluloid  tape  and  the  precipitated  particles  were  calculated  under 
a  microscope.  The  relation  r/R  was  always  <0.02,  i.e.,  the  coupling 
effect  could  be  disregarded.  In  every  series  of  experiments  tie 
dependence  of  s  on  r  at  constant  U  and  R  was  determined.  The  curve 
( h,  Stk),  obtained  at  U  ■  2  m/s  and  R  *  2.5  cm  is  very  close  ti  the 
theoretical  curve  for  large  Ref,  but  along  with  the  Increase  of  the 
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relation  U/R  the  curve  is  shifted  all  the  more  to  the  right  and  at 
!i  =  16  m/s  and  R  3  0.6  cm  approximately  coincides  with  the  curve 
of  Davies  for  Ref  ■  0.2  (Pig.  26).  The  reasons  for  this  phenomenon 
are  vague.  Since  the  factor  $  in  these  experiments  <100,  then, 
according  to  Pig.  20,  we  are  not  dealing  with  deviations  from  the 
otok.es  formula. 

The  curves  obtained  by  V.  Ignat' yev  for  the  dependence  of  local 
coefficient  of  precipitation  on  angle  0  are  close  to  the  theoretical 
curve  in  Fig.  21,  but  near  the  axis  of  abscissas  are  bent  and  approach 
the  axis  asymptotically,  i.e.,  a  certain  quantity  of  precipitation 
will  be  formed  there,  where  according  to  calculation  it  should  not  be. 
This  is  possibly  caused  by  a  shift  of  the  layer  of  vaseline  with 
particles  under  the  impact  of  airflow  or  transverse  turbulent 
pulsations . 

The  dependence  of  coefficients  of  precipitation  on  the  direction 
of  flow  found  by  V.  Ignat'yev  Is  interesting.  In  Pig.  28  are 
given  curves  .  *i)  at  U  -  2  m/s,  R  ■  2.5  cm  and  at  various  values 
of  r  for  descending  (1)  and  ascending  (2)  flows.  As  can  be  seen 
from  the  graphs,  curves  1  and  2  differ  strongly  at  small  and  large 
values  of  r  and  almost  coincide  at  average  values.  This  is  explained 
oy  the  fact  that  speed  of  sedimentation  precipitation,  determined  by 
the  value  Vg,  is  proportional  to  Stk,  and  the  dependence  (j,  Stk)  is 
expressed  by  a  curve  with  a  bend.  It  is  easy  to  ascertain  that  under 
the  conditions  of  the  experiments  the  straight  line  (Vs,  Stk) 
intersects  curve  (aU,  Stk)  in  two  points  and  between  them  Vg  <  9U,  and 
outside  them  —  Just  the  opposite.  At  Stk  ■  0.09,  i.e.,  lower  than 
Rtk^r ,  sedimentation  precipitation  completely  dominates.  The  small  • 
deposit  on  the  lower  side  of  the  cylinder  in  an  ascending  current  is 
caused  only  by  a  certain  polydispersionality  of  the  dust  fraction, 
and  on  the  upper  side  of  the  cylinder  the  deposits  obtained  in 
ascending  and  descending  flows  are  quite  close.  At  r  *  108  wm 
reaches  110  cm/s,  i.e.,  is  equal  to  half  the  speed  of  flow  and 
therefore  here  sedimentation  again  essentially  afferts  the  value 
of  9. 
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on  a  cy  linch r  descending  (i)  end  ascending  (2) 

flown . 


The  experiments  by  A.  Amelin  and  .  Bey  ikov  [167]  were  corducted 
in  horizontal  tubes  at  U  *  1-16  m/s  and  R  *  0.5-1-25  cn,  with  i 
polydispersed  (r  =  1-30  urn)  oil  mist  fit.  the  precipitate  particles 
of  various  size  were  counted  separately'  and  with  porcelain  dist 
r  *  H b  and  18  um.  The  ^raph  obtained  <  3,  .itk)  is  characterised  by 
exceedingly  low  values  of  n  at  small  StV  (n  *  0.01  at  Stk  *  1)  and 
a  very  steep  climb;  the  curve  reaches  a  lin**  3  ■  1  at  Stk  ■  If, 
not  asymptotically,  but  under  a  finite  angle.  These  strange  results 
are  apparently  caused  in  principle  by  the  erroneous  method  of 
measuring  the  concentration  of  aerosol  in  a  flow  [168]. 

Jarman  [  169  ]  passed  a  monodispersed  kerosene  fog  with  r  ■  8 -2*1  um 


through  a  wide  wind  tunnel  with  a  speed  of  U.  ■  1  m/s  and  determined 
the  amount  of  fog  precipitated  on  small  metallic  grids  placed  in  the 
tunnel.  Speed  of  flow  through  the  grids  was  not  measured,  but 
was  calculated  by  the  formula  V  «  0j[\  +  (1  —  P)/4P*]  C170],  where  B  - 
specific  area  of  openings  in  the  grid  (cm  /cm  ).  Since  in  these 
experiments  Re^,  =  6-18,  then  for  comparison  with  theoretical  the 
cur,re  in  Pig.  25  was  selected.  Experimental  values  of  3  were  on 
the  average  0-25)1  higher  than  theoretical,  as  it  should  have  beer, 
expected,  since  in  a  system  of  cylinders  the  current  lines  pass 
nearer  to  their  surface  than  in  single  cylinders.  For  the 
precipitation  of  aerosols  on  series  of  consectuvely  located 
grids  see  pp .  94-95- 

Electrostatic  Precipitation  of  Aerosols  from  a  Flow 
on  Bodies  of  Various  ftorm 

In  a  n’.unber  of  wor ks  the  precipitation  of  aerosols  from  a  flow 
under  the  action  of  electrical  forces  has  been  investigated.  With 
the  help  of  a  computer  Kraemer  and  Johnstone  [171]  calculated 
coefficients  of  precipitation  of  aerosols  from  potential  and  viscous 
flows  on  a  conducting  spherical  collector  under  the  action  of 
electrostatic  forces,  taking  into  account  the  coupling  effect,  but 
neglecting  inertia  of  particles.  Corresponding  to  various 
electrostatic  forces  are  the  dimensionless  parameters  K,  expressing 
the  relation  of  the  electrical  force  acting  on  a  particle  found 
c  the  surface  of  the  collector,  and  the  values  of  GnnrUg, 
characterizing  the  resistance  of  the  medium  to  the  movement  of  the 
particle  (applicability  of  the  Stokes  formula  is  assumed): 

tr  fc'  f*  ir  2  Raj* 

*'“*  Km  “  ttw9£k*‘:  **  " 

"  («k  -i-  ’  *6  **  •  (4.12) 

where  q  ard  Q  -  charge  of  particle  and  collector,  F  —  its  radius, 

o 

n  -  number  of  particles  in  1  cmJ,  UQ  —  speed  of  flow  far  from  the 
collector,  V  -  radius  of  aerosol  cloud.  Kg  corresponds  to  the 
Coulomb  force  between  the  charged  collector  and  the  charged  partloles , 
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Kfn  induction  force  between  charged  collector  and  uncharged 
particles,  -  the  same  between  charged  particles  and  isolated 
uncharged  collector.  and  K^,  pertain  to  a  case  of  an  unipc  lar 

charged  aerosol.  KQ  corresponds  to  the  force  between  particles  and 
the  charge  Inducted  by  them  in  the  grounded  collector,  K~  —  lorce, 
having  effect  on  particles  from  the  side  of  other  particles.  Here 
the  observance  of  Inequalities  "  <P  <.  I  and  <p #'*/#*<  I  is  assumed 


3 


Fig.  29. 


Fig.  30. 


Fig.  2).  Precipitation  of  uncharged  aerosol  on  charged 
isolated  sphericial  collector. 


Fig.  30.  Precipitation  of  bipolar  charged  aerosol  on 
uncharged  isolated  spherical  collector. 


Figure  29  gives  the  results  of  calculations  for  a  case  of  a 
charged  collector  and  uncharged  particles,  in  Fig.  30,  for  a  :ase 
of  uncharged  isolated  collector  and  bipolar  charged  aerosol,  .n 
Fig  31,  for  a  case  of  charged  collector  and  aerosol  with  unip >lar 
charges  of  the  opposite  sign  (where  the  authors  disregarded  induction 
in  particles).  The  relationship  r/R  characterise!  the  coupling  effect. 
The  authors  showed  that  a  simple  summation  of  coefficients  of 
precipitation,  induced  by  different  electrical  forces,  sometimes 
gives  strongly  overstated  values  of  a  in  comparison  with  accurately 
calculated  values.  In  Fig.  32  are  given  the  results  of  experiments 


by  the  authors  with  aerosols  of  dioctyl  phtholate,  with  r  ■ 

=  0.27-0.59  un,  charged  unipolarly  or  bipolar ly,  at  R  =  0.3-0  55  cm, 
Ufj  *  1.5-6. 9  cm/s,  and  q  =  0.15-137  elementary  charges.  In  a  1 
c'nree  series  of  experiments  one  of  the  parameters  K  clearly 
dominated  the  others  ana  they  coaid  be  disregarded. 


G.  Natans'--?:  [172]  investigated  the  precipitation  of  aerosil3  on 
cylinder  from  a  flux  under  the  action  of  electrostatic  forces 
taking  Into  account  the  coupling  effect,  but  neglecting  inert:  a  cf 
particles.  Here  one  should  distinguish  two  basic  cases:  whei 
limiting  traj'.  f  uries  of  precipitated  particles  1)  touch  on  tie 
cylindrical  surface,  and  ?.)  envelope  it  and  Intersect  in  the  )  ear 
stagnation  p  >j.n-  .  in  the  first  case  rrceipitatlon  occurs  basically 
on  front  side  of  cylinder,  in  ..e«ond ,  —  over  its  entire  surface. 

The  second  case  takes  place  when  th  radial  component  of  veloc ity 
of  a  particle  coming  in  contact  with  no  surface  of  cylinder,  i.e., 
the  algebraic  ran  of  radial  apt  on  of  How  and  velocity  of  a 
particle  under  the  action  of  electric;.!  force,  everywhere  is  c  irected 
into  the  cylinder,  as  -'or  example,  *  ”ory  small  values  of  r/J  . 
Subsequently  we  will  limit  ou. ‘solve.  *-<  mi  account  of  this  case. 

Nor  precipitation  of  charged  particle-  on  a  cylinder  charged  ty 
another  sign  G.  Natanson  four.!,  »L  guarding  induction  forces. 


9  ** 


2.1044 

'~o,k  • 


(*».13) 


where  R  —  mobility  cf  particles  Q*  —  l - rge  of  unit  of  length  of 
cylinder.  For  a  charged  cylinder  ..nd  ,.n charged  particles,  at  large 
Q1  and  small  Uq ,  i.e.,  at  3  >>  1 


/•(n>  -  i)BQ  ■. 

\  t«*i  (/•«*“’ 


(4.1U) 


Substituting  Uq  in  this  formula  for  speed  of  sedimentation  of 
particles  V0 ,  it  is  possible  to  obtain  the  Cochet  formula  for 

O 

precipitation  of  sedimentation  particles  on  a  charged  cylinder 
[173].  At  3  «  1 


9m  int.'iW  ‘ 


(H.15) 


In  the  examined  cases  3  does  not  depend  on  the  nature  of  flow. 


During  precipitation  of  charged  particles  on  an  uncharged 
cylinder  and  3  <<  1  there  usually  takes  place  In  this  case 


>  — 


during  potential  flowing  around  and 


(4.16) 


$  * 


(4.17) 


during  viscous  flowing  around  (based  on  Lamb). 

G.  Natanson  also  derived  formulas  for  the  first  of  the  above- 
examined  cases,  when  3  depends  on  the  position  of  point  of  contact 
of  limiting  trajectories  with  the  surface  of  the  cylinder.  Ir.  this 
case  a  always  depends  on  the  nature  of  flow. 

Roughly  approximated  formulas  for  precipitation  from  a  potential 
flow  on  a  cylinder  under  the  action  of  electrostatic  forces  have  been 
derived  also  Gillespie  [174]. 

Since  the  field  around  charged  bodies  is  solenoidal,  then  in  the 
absence  of  inertia  the  concentration  nQ  in  the  flow  of  an  aerosol 
is  not  changed  (see  pp.  44-45),  and,  if  far  off  from  the  body  it  is 
constant,  then  this  is  preserved  also  at  the  surface  of  the  body. 
Therefore  total  flux  of  fhe  aerosol  to  the  surface,  as  noted  by 
5.  Dukhln  f.nd  B.  Deiyagin  [1753  ,  is  equal  to 

♦  +BFm)dS,  (4.18) 

where  U  and  F  -  radia'  components  of  speed  of  flow  and  electrostatic 
n  n 

or  some  other  central  force,  and  the  Integral  is  taken  over  the  entire 
surface  of  the  body.  In  this  case  it  is  not  necessary  to  calculate 
the  limiting  trajectories  of  particles. 
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Since  in  the  case  of  an  electrostatic  field  F  *  E  q,  whert 

n  ri 

field  strength,  and  j  EndS  =  —  4;tQ,  then  for  very  small  particle*  , 
it  is  possible  to  compute  Un  3  0 


i  i| 


where  ...iddle  section  of  body.  Formula  (^.19),  obtained  bj 
L.  Levin  [176],  i?  accurate  for  a  body  of  arbitrary  form.  For 
cylinder  it  is  modified  into  formula  (^.13),  for  a  sphere  into 
formula 


(/8p* 


E  - 
when 

.19) 
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CHAPTER  5 

BROWNIAN  MOVEMENT  AND  DIFFUSION  IN  AEROSOLS 

Diffusion  Precipitation  of  Aerosols  In  a  Fixed  Medium 

Usually  In  problems  of  diffusion  precipitation  of  aerosols  it  is 
accepted  that  at  a  wail  the  concentration  is  equal  to  zero.  This 
condition  is  ^ot  completely  accurate.  Similar  to  the  known 
phenomenon  of  jump  in  concentration  of  vapor  at  the  surface  of  an 
evaporating  drop  [177],  an  ana. ogous  jump  in  particle  density  at  an 
absorbing  wall  should  also  exist  in  aerosols.  It  is  easy  to  see 
that  this  Jump  has  practical  value  onl,,  at  an  apparent  average  length 
of  free  path  of  aerosol  particles,  comparable  with  the  dimensions 
of  the  body  to  which  diffuses  aerosol  [178]. 

I.  Todorov  and  A.  Sheludko  [179]  investigated  diffusion 

precipitation  of  an  aerosol  on  the  walls  of  a  spherical  vessel, 

taking  into  account  sedimentation  or  particles  for  two  types  of 

boundary  conditions  on  the  walls  of  the  vessel:  with  and  without 

consideration  for  Jump  in  concentration.  Since  the  speed  of 

2 

sedimentation  of  Stokes  particles  is  proportional  to  r  ,  and 
diffusion  rate  to  r-1,  then,  as  it  is  easy  to  see,  the  total  speed 
of  precipitation  should  have  a  minimum  at  a  specific  value  of  r, 
namely  at  rm  *  •  In  pulmonary  alveoli  R  %  0.015  cm  and  at 

Y  *  1  rm  *  0.1^4  um  in  agreement  with  the  calculations  of  Davies  [180]. 
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In  an  aerosol  found  in  an  infinitely  long  vertical  cylindrical 
vessel  with  radius  R,  the  average  concentration  at  the  moment  t  is 
equal  [l8l]  to 

m 

(-DpjiR*).  (5.n 

'“I  !  ' 

Based  on  this  formula  "static  diffusion"  method  is  then  proposed 
by  Poliak  and  O'Connor  [182  ,  1 8 3 1  and  by  Furth  [18-4]  for  deternining 
tne  degree  of  dispersion  of  aerosols  (in  contrast  to  the  "dynanic 
diffusion  method"  described  below).  Portions  of  an  aerosol  we -e 
ispirated  from  a  lar -e  gas  tank  into  the  cylindrical  tube  of  a 
photoelectric  counter  of  condensation  nuclei  and  immediately  tie 
number  Z  of  particles  contained  in  the  tube  was  determined.  Tier 
new  portions  were  introduced  and  Z  was  determined  after  differ *nt 
Intervals  of  time.  From  the  data  obtained  coefficient  of  diffislon  D 
was  calculated  according  to  formula  (5.1)  ano.  further,  the  av *rage 
-Vidius  of  particles.  Here  systematically  considerably  lower  v  ilues 
for  !)  were  obtained  than  during  the  application  of  the  dynamic  method. 
Since  in  these  experiments  the  tubes  for  some  reason  were  not 
ventilated  with  a  surplus  of  aerosol,  and  the  volume  of  aeroso 
aspirated  was  equal  to  the  volume  >f  the  tube,  then  due  to  the 
parabolic  profile  of  flow  at  the  walls  of  the  tube  there  remained 
;  layer  of  variable  thickness  which  did  not  contain  particles. 

This  led  to  a  decrease  of  diffusion  precipitation  of  particles 
\-i  the  walls.  Thickness  of  layer  was  not  determined  by  hydrod;  namic 
calculations.  Instead  of  this  the  authors  took  the  thickness 
of  the  constant  and  selected  it  such  a  way  as  to  remove  the  ab<  ve- 
mentloned  divergence.  Furthermore,  In  the  pipes  used,  which  h;d 
a  diameter  ^2  cm,  convection  inevitably  had  to  appear  and  the 
application  of  formula  (5-1),  strictly  speaking,  was  not  permissible. 
Let  us  note,  however,  that  for  polydlspersed  aerosols  both  dlfluaion 
methods  give  understated  mean  values  of  diffusion  coefficient 
( see  pp .  86-87 ) • 

Richardson  and  Wooding  [1853  investigated  experimentally  tie 
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Fig.  33-  Diffusion  precipl 
tation  of  an  aerosol  in  a 
horizontal  plane-parallel 

slot . 


i/h 


Fig.  31*-  Distribution  of  particle 
density  In  a  horizontal  plane-parallel 
slot . 


uf fusion  of  an  aerosol  found  between  parallel  horizontal  walls.  .  The 
w : rk  was  conducted  with  rather  lsodlpsersed  aerosols  with  r  - 
2  0.0h-2  urn  with  a  distance  of  h  «  0.2  cm  between  walls  and  the  thorough 
thorough  removal  of  convection.  Concentration  of  aerosol  in  function 
time  t  and  height  z  was  determined  by  two  methods  -  tyndallometrl c 
arid  ultramicroscopic .  The  resulting  calculated  values  of  ratios 
An/At,  A a/A/,  and  A  \i  were  placed  in  equation  dnJdt  •  —V\dnldi  + 

+  DtfniO?  t  1 86  3  and  from  here  the  value  a  «  D,  hV^  was  found.  In 
Fig.  33  the  theoretical  curve  a  —  3A774.ir*Ttf*  is  drawn  in  coordinates 
( ig  r,  lg  a)  and  the  experimental  points  obtained  by  the  authors 
are  plotted.  Considering  the  nature  of  these  measurements,  coincidence 
should  be  considered  completely  Satisfactory.  Figure  31*  gives 


the  curves  n/ng  In  function  z/b  obtained  by  both  methods.  For 
some  reason  the  authors  did  not  make  a  comparison  with  theoretical 
curves  [ 1 87 ] . 


Diffusion  Precipitation  of  Aerosols 
from  a  Laminar  Flow 

The  theory  of  diffusion  of  aerosols  to  walls  from  a  lamina  •  flow 
nus  a  great  deal  of  importance  during  the  investigation  o^  hig  ily 
iispersed  aerosols,  since  it  is  the  basis  of  one  of  the  most 
important  methods  for  determination  of  particle  size  in  such  a  rosols 
■  d,  furthermore,  makes  it  possible  to  estimate  loss  of  partic  es 
..-iduced  by  diffusion  in  connecting  tubes,  channels,  etc.  Ther  fore 
will  give  more  detailed  dath  on  this  problem. 

For  a  steady  state  of  diffusion  in  a  round  tube  with  lengt)  x, 

2— 

.e.,  with  not  very  small  values  of  the  parameter  u  *  Dx/R  U, 
dormley  and  Kennedy  [188]  obtained  the  formula 

n!n%  *=  0.819  exp  (—  3.657  ;<)  -i- 0,097  exp (~  22,3, ••)  !• 

+  0,032 exp  (—  5,7 p).  .  5 , 2  ) 

For  unsteady  conditions  of  diffusion,  i.e.,  for  small  u  th< se  same 
authors  derived  the  formula 

*/«,  1—  2,56  p’1  +  1,2*  +  0,177  <5.31 

Presented  below  are  the  values  n/'n0  calculated  by  these  fotmulas 
for  a  number  of  values  u ■ 

As  can  be  seen  from  the  data  cited,  at  0.01  ~  u  <  0.1  the  values 
n/nn ,  calculated  by  formulas  (5.2)  and  (5-3),  differ  by  less  than  IS. 
kith  u  <  0.01  It  follows  naturally  to  use  formula  (5-3K  with  1  > 
>0.1-  formula  ( 5  •  2 ) . 
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Table  3-  Diffusion  of  aerosols 
to  walls  during  laminar  flow  in 


a  round  tube 


e 

«•«.  by  (5.2) 

•/*.  by  (5. 

0 

0,048 

1,000 

0,0002 

— 

0,991 

0,0004 

— 

0,960 

0.001 

— 

0.975 

0.008 

— 

0,902 

0,004 

— 

0,940 

0,006 

0,913 

0,931 

o.w 

0,886 

0,803 

0.02 

0,833 

0,830 

0.08 

0,786 

0,790 

0.04 

0,730 

0.7.V) 

0.06 

0,718 

0,7ir. 

0,10 

0,578 

0,570 

0,20 

0,3M 

0.383 

0.80 

0,274 

0,246 

0,60 

0,131 

0,060 

1.0 

0,081 

-0.1'J 

2.0 

0,0003 

—0,25 

For  diffusion  precipitation  in  a  plane-parallel  channel  with  a 
distance  2h  between  walls  the  following  formulas  are  derived: 

by  Gorraley  [1893  for  large  £>*/**£ 

eta,  -  0.9099  exp(-  1.885  ft)  +  0,0631  exp  (-  2!,43h)  (5  .  *0 

by  Kennedy  [190]  for  small  y 

—  1  —  UTSs*.  +  o,lp  +  0,0175  n*  (5. 5) 


by  De  Marcus  [191]  for  any  u 


ata,  -  0.9M9  exp  (-  !.885r)  +  0.0592  exp  (-  22.33  «)  + 

+  0.0280 tip  (-  151.1s)  (5  6) 

Presented  below  are  the  values  n7ng,  calculated  by  these  formulas. 

As  can  be  seen  from  the  data  cited,  formula  (5.6)  is  indeed 
uni vet  al. 
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Table  4.  Diffusion  of  aerosols  to 
walls  during  laminar  flow  in  a  plane- 
parallel  channel. 


p 

oK  by  (5.4) 

•M,  by  (5.5) 

V*  by  (*.« 

0 

0,963 

t.oo 

1.00 

0,I«1 

0,960 

0.919 

0.963 

0,002 

0,957 

0,962 

0,98? 

0,001 

0,949 

0,966 

O.Wl 

0,0! 

0,906 

0,646 

0,951 

0,02 

0,911 

0,915 

0,920 

o.os 

0,646 

0.6(6 

0,652 

0,1 

0,760 

0,736 

0,764 

0,15 

0,696 

0,966 

0,602 

0,20 

0.625 

0,620 

0,629 

0,90 

0,516 

0,507 

0,520 

0,40 

0,428 

0,407 

0,430 

0,00 

0,294 

0,239 

0,295 

o,ao 

0.201 

0.06 

0,203 

l.o 

0,136 

— 

0,13B 

1.5 

0.054 

0,064 

■i.  0 

0.031 

0.031 

4.0 

0,00a 

0,0006 

Thomas  [192]  worked  with  a  "diffusion  battery"  consisting  of 
20  plane-parallel  channels  with  h  *  0.05  mm  and  a  length  of  4'  cm. 
Aerosols  of  dloctyl  phthalate  with  r  *  0.16-0.5  urn  were  passec.  through 
the  battery  with  speeds  o.  -20  cm/s .  For  elimination  of  entiance 
effects  in  parallel  experiments  an  aerosol  was  passed  through  the 
same  battery  with  a  length  of  5  cm  and  as  the  basis  of  calculations 
the  tyndallometrically  measured  ratio  of  concentrations  of  aeiosols 
coming  out  of  both  batteries  was  used.  Average  dimensions  of 
particles  were  determined  based  on  light  scattering  under  two 
different  angles  and  on  the  Tyndall  spectra  of  higher  orders. 

It  was  revealed  that  diffusion  coefficients  of  aerosols 
determined  in  such  a  w&y  increased  strongly  (by  two  times)  wl’h  an 
increase  in  the  speed  of  flow.  The  same  observation  was  made  by 
Poliak  et  al.  [182].  Preceedir.g  from  the  clearly  incorrect 
assumption  that  this  phenomenon  Is  caused  by  turbulence,  Thomas 
extrapolated  the  resulting  vslt.^s  of  D  to  0  *  0.  After  this  the  • 
values  r  calculated  from  D  coincided  with  chose  found  by  the  optical 
method  at  r  •  0.16-0.30  um,  but  were  nevertheless  noticeably 


understated  at  r  >  0.3  ym.  In  regard  to  the  application  of  short 
battery  for  eliminating  entrance  effects,  then  in  one  article  [193] 
Thomas  reported  that  with  such  a  method  they  obtained  more  exact 
results,  but  in  another  article  [19*0  asserted  the  opposite. 

Poliak  and  Metnieks  [195]  turned  attention  to  the  circumstance 
that  in  the  case  of  a  polydispersed  aerosol  the  experimentally 
determined  coefficient  of  diffusion  should  increase  with  an  increase 
in  the  speed  of  flow.  For  simplification,  in  a  formula  of  the  type 
(5-2/  the  authors  take  only  the  first  exponential  member  and  accept 
‘hat  the  aerosol  consists  of  several  isodispersed  fractions.  Let 
us  assume  that  niQ  and  n^  are  particle  densities  of  the  i-th  fraction 

at  the  entrance  to  and  exit  from  the  channel,  81/1(1  hr- 

1  1 

corresponding  total  concentrations,  and  is  the  share  of 

particles  of  each  fraction.  For  the  i-th  fraction  we  have 

h,  -  A**  exp  (-  KD,fD)  -  exp  (-  KDjty.  (5.7) 

The  experimentally  determined  coefficient  of  diffusion  D' 
satisfies  equation 

4n«exp  (—  KP'lJJ)  —  S  =•  2)/ii  —  %AntPi9txp(—  KDtjC).  (5«  8) 

1  t 

Thus  , 


exp  (-  KD'/U)  -  2  r*  exp  (-  KD.lV).  (5.9) 

Further  the  authors  differentiate  this  equation  based  on  U, 
considering  D’  a  constant  value,  which  ie  incorrect  since  D*  is 
a  function  of  U.  Therefore  subsequently  we  will  digress  from  the 
original  conclusion. 

Designating  exp (—KD,fU)  —  ti  and,  further,  z  •  1  -  x(0  <  x  <  1), 
we  will  obtain  from  (5<9) 
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(5.10) 


since  x*>  s*  .  Thus,  the  experimentally  enumerable  value  D'  ircreases 
with  an  increase  in  the  speed  of  flow. 

At  U  -*■  3,  by  expanding  the  exponential  functions  in  (5-9)  we 
obtain 


or 


t 


(5-11) 

(5.12) 


i.e.,  in  this  case  we  determine  the  average  suspended  value  of  D.  It 
is  easy  to  see  that  this  conclusion  can  also  be  obtained  from  the 
complete  formula  (5.2) 

At  U  ♦  0  it  is  possible.  In  any  case,  to  be  limited  to  onr 
member  of  this  formula,  and  in  the  sum  2 Pm **P (—  KPifO)  to  leave  one 

4 

member,  corresponding  to  the  fraction  with  the  least  D.  Let  i.s 
assume  that  this  will  be  first  fraction.  In  this  case  (5*9)  1  aices 
the  form 

exp  <-  JCD70).  -  Pm  exp  (-  KPjO).  ( 5 . 1 3 ) 


At  U  -►  0,  obviously,  D’  •*  D1#  i.e.,  we  obtain  from  the  experiment 
the  least  coefficient  of  diffusion  in  the  mixture.  The  question 
of  whether  or  not  this  conclusion  holds  good  during  continuous 
distribution  of  coefficients  of  diffusion  requires  special 
consideration,  however  in  practice  it  is  all  the  same  very  difficult 
to  determine  D  both  at  very  small  and  very  high  rates  of  flow.  The 
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experimentally  found  values  C  always  will  lie  somewhere  between  the 
rinimum  and  average  suspended  value,  and  the  closer  to  the  later 
than  the  larger  is  U. 

In  the  light  of  these  conclusions  it  is  obvious  that  in  his 
experiments  Thomas  artificially  understated  D  in  order  to  obtain 
tetter  coincidence  with  true  dimensions  of  particles.  To  explain 
the  results  of  Thomas  is  quite  difficult,  since  the  larger  particles 
which  pass  through  channels  easily  scatter  light  more  strongly  and 
therefore  the  tyndallometric  method  should  have  given  somewhat 
decreased  values  of  D.  Regarding  the  affirmation  by  Thomas  that  his 
aerosols  were  isodispersed ,  since  they  produced  Tyndall  spectra  of 
higher  orders,  then  here  it  is  possible  to  refe  to  the  work  of 
■Jcyer  and  Pidgeon  [196],  who  observed  these  spectra  in  a  fog  in 
which  the  radii  of  801  of  all  the  drops  lay  within  the  limits  of 
,'.37-0.63  urn,  and  the  remainder  beyond  these  limits. 

On  the  uther  hand  it  is  possible  that  in  time  they  will  manage 
to  use  the  dependence  of  measured  values  of  D  on  the  speed  of  flow 
in  order  to  determine  the  distribution  of  particle  dimensions  in 
po lydispersed  aerosols.  Fcr  aerosols  consisting  of  several 
isodispersed  fractions,  a  method  for  such  a  calculation  is  already 
giver.  in  the  specified  work  of  Poliak  and  Metnieks. 

Chamberlain  et  al.  [197]  passed  atmospheric  aerosols, 
activated  by  thoron,  through  plane-parallel  channels  and  determined 
the  concentration  at  the  exit  from  the  channels  1)  by  counting 
the  particles  and  2}  by  filtration  of  the  aerosol  with  subsequent 
determination  of  radioactivity  of  the  filter.  The  first  (more 
exact)  method  gave  2-3  times  higher  values  for  D  than  the  second. 

This  is  not  surprising  since  the  radioactivity  of  activated  particles 
’"creases  with  an  Increase  of  their  dimensions. 

A  significant,  but  frequently  disregarded  factor  during  the 
diffusion  method  of  investigating  aerosols,  are  the  charges  of 
particles,  causing  an  acceleration  in  the  settling  of  particles  on 
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the  walls  of  channel  at  the  expense  of  specular  forces.  Calculation 
of  precipitation  taking  into  account  both  diffusion  and  specular 
forces  is  very  complex,  but  to  estimate  the  influence  of  the 
latter  is  nevertheless  possible.  In  a  plane-parallel  channel  with 
conducting  walls  the  following  relationship  exists  between  initial 
(at  the  entrance  to  the  channel)  distance  of  the  particle  from  the 
nearest  wall  y  and  the  abscissa  of  the  point  of  its  settling  on 
the  wall  x. 


w* 


(5.i 


'i 

/ 


where  q  —  charge,  and  B  -  mobility  of  particles.  For  the  ratio 
of  number  of  particles,  coming  out  of  the  channel  and  entering  into 
it,  we  obtain,  considering  the  parabolic  profile  of  flow, 

A_, _*(,_£),  (5.15) 

where  yQ  -  value  of  y  at  x,  equal  to  length  of  channel. 

Since  Bfx/QUk1  =»  ,  then  the  ratio  of  rate  of  electrostatic 

and  diffusion  precipitation  depends  only  on  the  width  of  the  channel 
and  charge  of  particles.  For  h  *  0.5  ym  and  in  the  area  of  values 
a  ■  0.05-0.8,  in  which  measurements  are  usually  conducted,  this 
ratio  equals  'vQ-Ql  at  1,  ^0.1  at  10,  and  'vl  at  100  elementary 
charges  on  the  particles.  At  h  »  0.125  mm  the  same  values  are 
attained  for  this  ratio  with  half  the  charges.  Thus  it  is  possible 
to  disregard  the  Influence  of  electrical  forces  only  with  q  on  an 
order  of  one  elementary  charge.  In  this  conclusion  we  die  not 
consider  the  specular  force  from  the  other  wall,  but,  as  calculation 
shows,  this  force  can  be  disregarded. 

Using  the  method  Indicated  on  p.  46,  Nolan  and  O'connor  [124] 
determined  the  average  charge  and  mobility  in  separate  fractions  of 
an  aerosol,  obtained  by  bubbling  of  air  through  a  diluted  solution 
of  NaCl.  Parallel  in  cyllnd"*  pillaries  coefficients  of 
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diffusion  were  determined,  and  from  them  -  mobility  of  the  fractions. 

It  turned  out  that  the  mobility  aetermined  by  the  second  method  was 
7-11  times  greater  than  the  mobility  determined  by  the  first  method. 
This  ratio  increased  with  an  increase  in  the  average  charge  of 
particles  which  changed  from  fraction  to  fraction  from  9  to  106 
elementary  charges.  The  average  radii  of  particles  in  fractions, 
determined  by  the  diffusion  method,  decreased  here  from  2.7*10~^  to 
1.1*10  cm,  i.e  ,  the  charge  decreased  with  an  increase  of  r, 
which  contradicts  both  theory  and  experiment.  Prom  the  above-cited 
calculations  it  is  obvious  that  the  cause  of  these  contradictions 
were  specular  forces  unaccounted  for  by  the  authors. 

The  theory  of  diffusion  to  a  sphere  from  a  flux  at  smaj.1  Ref  and 
large  Pe  (Peclet  diffusion  number)  was  developed  by  several  authors, 
who  obtained  for  the  number  of  particles  precipitated  on  a  sphere  in 
1  s  the  expression  brought  out  earlier  by  V.  Levich  [198 j, 

*  -  7.9  ( 5 . 1 6 ) 

with  several  other  values  for  the  coefficient,  namely  7.06  (Frledlander 
[199])  and  8.5  (G.  Aksel’rud  [200]).  In  dimensionless  parameters 
for  Sh  (Sherwood  numbers,  i.e.,  Nusselt  diffusions  number)  and  Fe 
the  formula  (5-16)  takes  the  simple  form 

Sh-flfV*  (5-17) 

where  B  *  1.0  according  to  Levich,  0.89  according  to  Frledlander, 
arid  1.07  according  to  Aksel'rud. 

In  connection  with  the  great  popularity  among  colloid  chemists 
in  using  the  Muller  [201]  theory  of  "orthokinet ic"  coagulation,  i.e., 
the  theory  of  diffusion  to  sphere  from  a  flux,  one  should  note  that 
Muller  originated  from  an  incorrect  boundary  condition.  He  assumed 
that  at  the  surface  cf  a  sphere  the  concentration  gradient  is  directed 
everywhere  normal  to  the  surface,  and  disregarded  tangential 


transfer  of  particles  in  a  flux.  As  a  result  Muller  obtained  an 
expression  for  normal  gradient  of  concentration  at  the  surface, 
from  which  it  follows  that  the  value  of  this  gradient  is  a  function 
of  vectorial  angle,  which  contradicts  the  initial  assumption  by  the 
author. 

There  is  no  experimental  data  on  diffusion  precipitation  of 
aerosols  from  a  flux  on  spherical  bodies,  however,  for  checking 
formula  (5.17)  it  is  possible  to  use  the  data  of  G.  Aksel'rud  on 
the  rate  of  dissolution  of  beads  of  benzoic  acid  in  oil  at 
Re^.  *  0.1-2. 5  and  Sc  »  v/D  ■  2.3*10^,  from  which  it  follows  that 
Sh  «*  1,10  FY'<  in  excellent  agreement  with  theory. 

For  large  Re^.  (600-2600)  and  the  same  values  for  3c,  G.  Aksel'rud 
obtained  theoretically  and  experimentally  the  dependence 


Sh  -  0.8  keJ'-Sc*  ~  0,8  Pev'Re/  *. 


(5.18) 


In  analogous  experiments,  but  with  water  as  solvent  at  Re^  * 

*  100-700,  Sc  %  10^,  Garner  et  al.  [202,  203]  obtained  the  same 
dependence,  but  with  a  coefficient  of  0.95. 

An  analogous  problem  for  diffusion  precipitation  of  aerosols 
on  a  cylinder  at  small  Re^.  and  large  Pe  was  solved  by  G.  Natanson 
[20<J]  on  the  basis  of  Lamb  equations  for  flowing  around  a  cylinder 
by  a  vl 3 c ou s  flux.  For  the  number  of  particles,  precipitated  In  1  s 
per  unit  of  length  of  cylinder,  the  following  expression  is  obtained 


PtfUflt  — tal 


(5-101 


Prledlander  [199],  using  a  somewhat  less  accurate  method,  obtained 
the  same  expression  with  a  coefficient  of  3-52.  In  dimensionless 
parameters  fonnula  (5-19)  takes  the  form 


(5.20) 
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where  8  =  1.17  according  to  Natanson  and  1.035  according  to 
Friedlander . 

Friedlander  considered  that  his  formula  is  applicable  only  at 
Re^  <  0.001;  for  Re^  *0.1  he  obtained  by  numerical  integration  the 
formula  Sh  *  0.557  Pe‘‘,  which  agrees  well  with  results  of  measurements 
of  diffusion  current  from  a  cylindrical  electrode  at  Ref  =0.1  and 
Pe  *  1000  [205]. 

Calculation  of  diffusion  precipitation  of  particles  taking  into 
account  the  coupling  effect  is  apparently  impossible  by  analytic 
method.  Friedlar.der  proposed  .’or  this  the  following  method  of 
approximation.  Proceeding  from  the  expression  for  coefficient  of 
precipitation  on  a  cylinder  due  to  coupling  [206],  he  adds  to  the 
radius  of  a  given  particle  its  "diffusion  radius,"  i.e.,  the  radius 
of  hypothetical  particle,  for  which  the  coefficient  of  precipitation 
due  to  coupling  is  equal  to  the  coefficient  of  precipitation  of  the 
given  particle  due  to  diffusion,  calculated  by  the  formula  (5-19). 

It  is  doubtful  that  this  method  of  calculation  could  give  e/en 
approximately  true  resul's. 

Frior  to  the  appearance  of  the  above-mentioned  works  they  usual! 
used  the  simplified  method  proposed  by  Langmuir  [207]  for  the 
calculation  of  diffusion  precipitation  in  a  flux-  it  was  assumed  tnu 
on  a  collector  particles  will  be  precipitated  which  are  moving 
along  current  lines,  on  the  average  distant  from  the  surface  of 
collector  by  distance  x,  equal  to  average  Brownian  displacement 
vlD/.a)1'*,  where  t  -  time  for  flowing  around  the  collector.  For  the 
Langmuir  cylinder  they  took  for  x  the  mean  quadratic  distance  of 
current  lines  from  the  surface  in  an  Interval  of  values  for  the 
vectorial  angle  0  from  30  to  150°,  and  for  t  —  time  for  passage  of 
this  interval  by  particles  of  the  medium.  Thus  was  obtained 
formula  (5-19)  with  coefficient  2.72. 

L.  Radushkevlch  [208]  in  his  conclusion  (taking  into  account 
the  'cupllng  effect)  committed  the  same  error  as  Muller  (see  p.  39)- 


He  assumed  that  the  tangential  component  of  gradient  of  particle 
density  at  the  surface  of  a  cylinder  Is  equal  to  zero,  and  obtained 
for  the  rate  of  diffusion  to  a  cylinder  at  small  Re^  the  formula, 
which  in  the  absence  of  a  coupling  effect  takes  the  form  $ '  = 

*  knQD  (k  —  constant),  i.e.,  velocity  of  precipitation  does  not 
depend  either  on  the  diameter  of  the  cylinder  or  on  the  speed  of 
flow,  which  is  physically  improbable. 

In  the  case  of  potential  flow  past  a  cylinder  at  large  Pe 
numbers 


i 

v* 


nJy'lP'R'' 


(formula  of  Bussinek). 


(5.21) 


Fibrous  and  Tissue  Filters 

The  theory  of  fibrous  filters  is  being  developed  very  slowly. 

One  of  the  main  reasons  for  its  lag  is  the  circumstance  that  the 
majority  of  authors  in  their  calculations  originate  from  precipitate o 
of  aerosols  on  isolated  fibers,  i.e.,  on  the  basis  of  Lamb  field  of 
flowing  around  a  cylinder.  Therefore  the  Re,,  number  enters  irto 
the  result  of  calculations.  Meanwhile,  as  already  noted  repeatedly, 
at  small  values  of  Re,,  the  flow  in  filters  is  self-simulating.  As 

i 

Tamada  and  Fujikawa  [209]  showed,  the  same  holds  true  during  flow  in 
one  series  cf  parallel  cylinders.  In  this  ca3e  the  force  F' ,  acting 
on  1  cm  of  cylinder  length,  at  small  Re,,  is  proportional  to  the  speed 
of  flow,  I.e.,  the  latter  Is  self-simulating.  This  proportlot  ality 
is  observed  to  all  the  higher  values  of  Re^,  the  lesser  the  ratio 
of  the  distance  between  axes  of  cylinders  h  to  their  diameter 
(Fig.  35).  Obviously,  for  the  creation  of  a  theory  of  filtration 
one  should  take  as  a  basis  the  viscous  flow  in  a  system  of  cylinders 
at  small  Re^,  having  determined  it  in  model  experiments  or  calculated 
it  theoretically.  Based  on  an  alternate  path  the  first  steps  have 
already  been  made  by  Japanese  hydrodynamics  [2101. 

The  difficulty  in  calculating  the  effectiveness  of  filters  is 
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Fig.  35.  Hydrodynamic  forces  in  a 
system  of  parallel  cylinders. 


conditioned  further  by  the  simultaneous  action  of  several  mechanisms 
of  precipitation.  The  simple  summation  of  separate  effects, 
practiced  by  certain  authors  [211,  212],  cannot  lead  even  to 
approximately  correct  results.  This  problem  is  insolvable  by 
analytic  methods.  The  application  of  numerical  methods  will 
naturally  require  a  huge  amount  of  labor,  but  this  is  the  only  path 
to  the  solution  of  the  given  problem. 


Out  of  the  very  small  number  of  works  on  the  theory  of  filtration 
which  have  appeared  recently,  we  will  dwell  only  on  the  work  of 
Friedlander  [213].  From  formula  (5-20)  it  follows  that  the 
coefficient  of  diffusion  precipitation  on  an  individual 

cylindrical  fiber  is  proportional  to  rv-’-(2,002  —  In  Rc/)~'\  In  the 
equation  of  flow  Friedlander  takes  (without  sufficient  bases) 
instead  of  (  2.002  -  In  Re^,)  (k  -  constant),  from  which  it  follows 
that  Is  proportional  to  and 

U  1 

• a  P*  rift  =*  A*  Pc’'*  Rt,’’riR  (5  -22  ) 


Coefficient  of  precipitation  due  to  coupling  equals  [<‘1*0 


H  «  (d  +  rlR)  In  (!  f  HR) 


(,rlft)( 2  +  r-.tt  t 


U^r—]/ (2.002  -  In  Rr,} 


from  which 


hPt  HR  -  *'  Re  (r/R)3  Rtf'  *•1^’  *  Re,' R)3. 


(5.23) 


At  small  Pe  and  r/R,  when  the  effect  of  diffusion  predominates, 
one  should  use  formula  (5-22),  at  large  values  —  formula  (5-23). 

By  plotting  in  coordinates  lg  y,r  IV  R),  lg  (Pe'Rc’.*  rR)  the  experimental 

data  of  a  number  of  authors  on  filtration  of  aerosols  through 

fit.  ous  filters,  pertaining  to  values  Stk  <  1,  Friedlander  obtained 

a  curve,  the  tangent  of  slope  of  which  at  small  values  of  rc)«  rR 

has  the  value  ^1.2,  at  large  values  —  the  value  ^3.  and  arrived 

at  the  conclusion  that  the  inertial  effect  in  fibrous  filters  at 

Stk  <  1  and  Ref  <  1  can  be  disregarded.  In  these  calculations  the 

following  errors  are  committed.  1)  As  already  pointed  out,  flow 

in  filters  does  not  depend  on  Re{,  number.  2)  Ir.  the  wide  interval 

of  values  for  Re^  (0.01-2),  to  which  the  experimental  data  used 

by  Friedlander  pertain,  it  is  impossible  to  substitute  (2.002  - 
-  i  % 

in  Rer)  for  *  Rt/  .  3)  The  upper  part  of  the  Friedlander  curve  is 

l 

plotted  according  to  Wong  et  al.  (Fig.  38,  p.  97),  from  which  it 
Is  clear  that,  starting  already  with  Stk  %  0-7,  3  Increases  sharply 
wich  an  increase  in  the  Stk  number.  Therefore  the  conclusions 
of  this  work  are  unconvincing. 


For  characteristics  of  filter  quality  during  specific  standard 
conditions  of  filtration,  i.e.,  at  given  values  r  and  U,  it  is 
expedient  to  use  the  ratio  of  the  logarithm  of  breakthrough  to  the 
resistance  of  the  filter 
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since  this  value  does  not  change  during  the  joining  of  several 
filters  into  one  multilayer  filter  [215]-  For  the  characteristics 
of  quality  of  the  filter  material  it  is  possible  to  use  the  same 
formula,  inasmuch  as  the  thickness  of  the  filter  does  not  enter 
into  it. 


Of  the  experimental  works  we  will  dwell  first  on  experiments  of 

Galll li  [216]  with  a  "model"  filter.  Fairly  isodlspersed  fogs  of 


dioctyi  phthaiate  with  r  =  0.55-0.70  pm,  and  which  did  not  contain 

charged  ^articles,  were  passed  with  a  speed  cr  12-18  cm./s  through  a 

tube  with  a  diameter  of  5  cm.  In  it  was  mounted  a  large  number  of 

iatti  es  made  from  wires  with  a  radius  R  -  0.025  mm  stretched  out 

in  parallel.  Distance  between  wires  h  varied  from  0.13  to  0.27  mm; 

the  distance  between  lattices  equaled  5-5  mm  The  Re^,  number  changed 

within  limits  of  0.36-0.54,  Stk  -  within  limits  of  0.018-0.043,  r/R  - 

within  limits  of  C. 022-0. 028.  Based  on  the  breakthrough  of  the  aerosol 

the  coefficient  of  precipitation  was  calculated  for  individual  wires 

3.  It  Increased  with  an  increase  of  U  and  r.  A  change  in  U  affected 

2 

value  a  more  strongly  than  a  change  in  r  ;  furthermore,  the  stated 
otk  values  were  considerably  lower  than  critical  during  viscous 
flow  plast  isolated  cylinders.  It  fellows  from  this  that  either  the 
coupling  effect  (despite  the  opinion  of  Gallili)  played  a  significant 
role  in  these  experiments,  or  the  presence  of  neighboring  cylinders 
at  the  above-indicated  distances  so  strongly  changes  field  of  flow 
that  the  calculations  made  for  Isolated  cylinders  do  net  give  even 
a  correct  order  of  magnitude  of  3  in  a  system  of  cylinders.  Values 
of  3  obtained  in  these  experiments  are  shewn  in  Fig.  36.  From  the 
formula  of  Davies  [217]  for  these  values  of  Stk  and  r/R  it  follows 
that  3  *  4 . 5-5 . 1 • 10”* ,  i.e.,  a  value  of  the  same  order.  With 
decrease  of  distance  h  between  hires  3  at  first  started  it  increase 
strongly  as  one  should  have  been  led  to  expect,  since  with  this  the 
current  lines  approached  the  wires.  It  is  surprising  that  with  a 
further  decrease  of  h  3  ceased  to  change  or  only  decreased  slightly. 
Gallili  explains  this  by  the  rebounding  of  drops  from  the  surface  of 
wires,  however,  with  the  comparatively  small  U  in  these  experiments 
such  an  explanation  does  not  seem  convincing.  In  general,  experiments 
with  model  filters  are  of  great  interest  for  the  theory  of  filtration 
of  aerosols  through  fibrous  filters. 

In  the  experiments  of  Thomae  and  Yoder  [21 8]  a  fairly  iosdispersed 
fog  of  dioctyl  phthaiate  was  passed  throut,s  filter  with  a  thickness  of 
1.2  cm  made  from  resin  covered  glass  fibers  with  R  ■  0,75  pm.  The 
results  of  these  experiment:;  (Fig.  37)  clearly  show  the  existence 
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Fig.  36.  Coefficient  of 
precipitation  on  wires  depend 
ing  on  the  distance  between 
them:  1  -  18.7  cm/s;  2  - 

15.0  cm/s;  7  -  12.5  cm/s,  r  * 
*  0.60  ym. 


Fig.  37-  Dependence  of  effect ivene: c  of 
filters  made  of  glass  fibers  on  the  dimension 
of  particles  and  speed  of  flow. 

of  a  particle  radius  r  ,  ,  at  which  the  effectiveness  of  the  filter 

^  min  ’ 

is  minimum.  Hersa  in  agreement  with  theory,  r  ,  decreases  with 

*  I 

an  increase  in  the  rate  of  flow.  Therefore  certain  authors,  working 
at  high  rates  of  flow,  also  did  not  detect  tne  existence  of  r  ,  .  In 
a  comparison  of  the  results  of  Thomas  and  Ycder  with  data  of  other- 
authors  (see,  for  example,  Fig.  38},  it  is  necessary  to  consider 
that  the  first  were  obtained  at  considerably  Lesser  speeds  of  flow 
and  on  very  thin  fibers,  and  the  basic  role  here  was  played  by  the 
effects  of  diffusion  vthis  is  Indicated  by  the  decrease  of  0  with  an 
increase  in  the  speed  of  flow)  and  coupling.  In  the  left  part  of  the 


Fig.  38.  Dependence  of  effectiveness  of  filters 
made  of  glass  fibers  on  Stk  and  r/R. 


curves  in  Fig.  37  diffusion  dominates  over  all  remaining  mechanisms 
and  0  decreases  with  the  increase  of  r.  The  right  side  of  the  curves 
corresponds  to  the  left  part  of  the  curves  of  Ramskill  and 
Anderson  [219]:  here  3  Increases  with  an  increase  of  r  and  decreases 
with  an  increase  of  IJ.  Examination  of  these  curves  shows  that  thi3 
area  is  clearly  expressed  only  in  filters  with  very  thin  fibers. 
Therefore,  although  the  diffusion  effect  in  this  area  still  prevails 
over  inertial,  the  total  effect  of  Inertia  and  coupling  is  already 
greater  than  the  diffusion  effect. 

In  the  experiments  by  Wong  et  al.  [220]  fairly  mcnodispersed 
fogs  cf  H^SO^  with  r  ^  0.2-0.65  vm  were  passed  through  filters  made 
of  glas3  fibers  with  R  ■  3*  5-9. 6  urn  and  a  space  factor  <f)  ■ 

=  0.0^5-0.10  at  U  *  17-260  cm/d,  i,e.,  at  Re^  ■  O.O^-l.^.  Prom  the 
experiments  coefficients  of  precipitation  were  calculated  for 
separate  fibers  3  in  the  Stk  function  at  various  values  of  r/R, 
s.icwn  In  Fig.  38-  From  this  it  is  clear  that  at  Stk  <  0.5  inertial 
effects  hardly  play  any  role. 

t 

Humphrey  and  Gadcn  [221]  passed  spores  of  Ban .  subtil  s  with 
r  0.575  am  through  a  filter  made  of  glass  fibers  glued  ?ith 


resin  and  detected  a  very  sloping  maximum  of  effectiveness  at 
U  3  30  cm/s.  In  experiments  with  multilayer  filters  there  was 
strict  observance  of  the  proportionality  of  the  logarithm  of 
breakthrough  and  the  number  of  layers.  This  indicates  the  high 
degree  of  is odiaperslon  of  these  spores . 

A  great  influence  is  apparently  exerted  on  the  effectiveness  of 
filters  by  the  uniformity  of  their  structure.  Loose  places  In  the 
filters  possess  simultaneously  lesser  filterable  effect! veness  and 
lessen  resistance  to  flow,  and  in  the  case  of  highly-dispersed 
aerosols  these  two  effects  accumulate.  Unfortunately,  experimental 
data  concerning  this  problem  are  lacking  in  the  literature. 

A  reverse  action  produces  partial  stopping  up  of  filters.  Here 
there  is  great  importance  in  the  structure  of  the  deposit.  Coal 
dust,  which  on  filter  fibers  forms  aggregates  in  the  form  of 
upright  branching  chains,  very  considerably  increases  3,  while 
spherical  particles  of  methylene  blue  'obtained  by  atomization  of 
solution  of  dye  and  drying  of  drops)  lie  on  the  very  surface  of 
the  fibers,  do  not  produce  aggregates,  and  exert  a  quite  weak 
influence  on  3  [222]. 

Leers  [223  ]  passed  aerosols  of  .Vaui  ( r  »  0.2  urn)  through,  very 
thin  <  r .  i  yin)  filters,  on  which  it  was  convenient  to  examine  the 
structure  or  the  deposit.  Particles  were  precipitated  chiefly  on 
earlier  precipitated  particles.  Branching  chains  gradually  appeared 
and  inside  the  filter  they  formed  a  secondary  filter  made  of  very 
thin  dust  fibers.  Here  the  effectiveness  of  the  filler  increased 
considerably  faster  than  its  resistance.  The  author  explained  the 
increase  of  aggregates  by  mechanical  capture,  but  apparently  the 
main  role  here  is  played  by  electrical  forces  [224],  Drops  of  fogs 
produce  an  oppos'^e  effect  —  they  spread  over  the  surface  of  fibers, 
increase  their  diameter,  and  thereby  lower  the  3  of  the  filter. 

An  analogous  phenomenon  was  observed  during  passage  of  a  fog 
made  up  of  an  aqueous  solution  of  H^SO,,  through  filters  made  of  glass 
ilbe-  ir  tne  experiments  by  Fairs  [225  ]•  Fairs  worked  with  molded 


rixter.-  (preformed  filter-mats),  obtained  by  annealing  of  pressed 
glass  wool  with  R  *  2. 5-7*1  um.  During  prolonged  testing  of  such 
filters  they  gave  3  -  0.95-0.97*  After  treatment  of  fibers  with 
silicone  3  was  increased  up  to  0.996-0.998.  Here  the  drops  of  fog, 
merging  on  water-repel lant  fibers,  formed  large  spherical  drops  which 
easily  dripped  off  the  fibers. 

La  Mer  and  Drozin  [226]  during  filtration  of  mondispersed 
aerosols  with  r  *  0. 1-0.6  um  through  different  fibrous  filters 
found  that  3  decreases  linearly  with  an  increase  of  r  (in  these 
experiments  3  varied  fr~.7>  0.70  to  0.93)*  It  is  obvious  that  the 
complex  real  relationship  between  3  and  r  here  was  accidentally 
approximated  by  such  a  simple  dependence.  During  filtration  of 
aerosols  with  solid  particles  (synthetic  wax)  the  Ig  (1  -  3) 
decreased  linearly  with  an  increase  in  the  quan  ity  of  deposit  on 
the  filter.  It  is  also  very  difficult  to  give  a  theoretical 
explanation  to  such  dependence. 

Frecipi tation  of  solid  particles  dees  not  always  increase  3. 
According  to  tne  observations  by  Hasenclever  [227]  during  transmission 
of  cuartz  polydispersed  dust  with  r  <  2.5  um  through  a  paper  filter 
k.  a  speed  of  6  m/s,  ?  initially  increases  somewhat  (from  0.85  to 
.'.95),  then  gradually  drops  (at  3  *  0-3  the  experiment  was 
Discontinued ) .  Apparently  under  these  conditions  such  a  great 
pressure  drop  is  created  that  the  particles  are  pressed  through 
the  filter, 

In  a  number  of  works  the  Influence  of  charges  of  particles  and 
fibers  on  effectiveness  of  filters  has  been  investigated.  According 
to  the  experiments  of  Rossano  ^nd  Silverman  [22  Zj  during  transmission 
or:  an  aerosol  of  methylene  blue;  with  r  *  1  wn  through  a  filter  made 
of  glass  fibers  with  K  »  25  um  at  a  speed  of  16  cm/s,  for  uncharged 
.aerosols  3  -  0.65,  for  unipolar  charged  aerosols  with  an  average 
charge  of  1000  elementary  charges  per  particles  3  *  0-72.  The 
authors  explain  this  effect  by  the  fact  that  precipitated  particles 
repulse  particles  which  are  Just  entering  the  filter  and  delay 


their  motion  In  frontal  layer  of  the  filter.  Of  couree,  in  reality 
reality  the  effect  is  caused  by  specular  forces. 

A  noticeable  increase  in  the  effectiveness  of  filters  made  from 
glass  fibers  when  they  are  covered  by  a  layer  of  substance  with  a 
high  Insulating  capacity  -  polyethylene  or  polystyrene  -  was 
observed  oy  Winkel  [229].  The  finest  layer  of  glycerine,  applied 
to  fibers  treated  thusly,  rendered  a  reverse  action. 

So  that  wool-resinous  electrostatic  filters  preserve  their 

effectiveness  for  a  sufficlentiy  long  time,  it  is  necessary  to 
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apply  resins  with  a  resistivity  on  an  order  of  10  D*cra  [230]. 

Such  filters  can  be  kept  more  than  10  years,  however  they  lose 
effectiveness  rapidly  following  passage  through  them  of  certain 
fogs  (for  example,  tricresyl  phosphate)  and  radioactive  aerosols, 
during  irradiation  by  X-rays,  etc. 

In  a  con£>arison  of  electrostatic  filters  with  asbest js -cel lulose 
(aerosol  of  methylene  blue)  it  turned  out  that  at  small  speed  of 
flow  (up  to  30  cm/s )  greater  effectiveness  is  possessed  by  the 
first,  at  high  speed  -  by  the  second  L228].  This  is  not  surprising, 
since  the  influence  of  electrical  forces  drops  with  an  increase  in 
the  speed  of  flow. 

Gillespie  [231]  passed  through  wool-resinous  filters  neutral 
aerosols  of  stearic  acid  and  charged  aerosols,  obtained  by 
atomization  of  solutions  of  polystyrene.  As  it  should  hav*  been 
expected,  in  this  case  the  eff_ct  of  charging  particles  was  expressed 
very  strongly.  It  increase.,  with  a  decrease  in  the  dimension  of 
particles . 

Billings  et  al.  [2 32]  describe’  electrostatic  filter  wit'  an 
external  field;  a  filter  with  a  thickness  of  12  am  made  of  glass 
fibers,  with  R  -  0.5-1. 5  wm,  covered  by  phenol  resin  was  placed 
between  metallic  grids.  During  passage  of  an  aerosols  of  CuSO^  with 
r  »  0.9  ym  the  effectiveness  oi  che  filter  equaled  0.92.  When 


potential  differences  of  10-15  <V  were  superimposed  on  the  grids  8 
was  Increased  to  0.98.  Since  charge  of  particles  was  not  measured, 
t.-.en  it  is  difficult  to  say  what  is  the  mechanism  of  this 
phenomenon  -  is  this  the  direct  action  of  the  field  on  charged 
particles  or  the  Influence  of  induction  forces,  caused  by 
heterogeneity  of  the  field  between  fibers. 

recently  for  the  investigation  of  aerosols  wide  use  has  been  mace 
of  membrane  filters  with  very  narrow  capillary  channels  with  a  width 
on  an  order  of  0.1-1  um.  During  filtration  through  these  filters, 
in  addition  to  the  earlier  examined  mechanisms  of  precipitation, 
a  * 1-kncvn  role  is  played  by  the  mechanical  confinement  of 
.  irt. teles,  the  size  of  which  are  larger  than  the  width  of  the 
channels . 

Fitzgerald  ar.d  Detweiler  [2  33  ]  revealed,  during  passage  of  an 
•eroscl  of  KMnO^  through  AA  and  HA  Millipor  filters  of  "his  type, 
that  .1"  r  >  0.05  um  the  aerosol  is  held  back  completely,  at 
r  *  0.01-0,013  um  3  attains  minimum  value  -  0.78  at  H  *  10  cm/s, 

O.o2  at  20  cm/s,  and  0.20  at  90  cm/s.  With  a  further  decrease  of 
r  3  again  increases.  However,  Waikenhorst  [239],  working  at  U  * 

-  32  cm/s  with  an  aerosol  of  WG^ ,  found  that  the  3  of  thin  German 
membrane  filters  continuously  decreases  with  a  decrease  of  r  from 
0.999  at  r  «  0.05  um  to  0.97?  at  r  -  0.005-0.01  um.  It  is  difficult 
to  say  what  the  cause  of  this  difference  is.  Apparently  it  is  the 
different  width  of  channels  in  the  tested  filters. 

Membrane  filters  are  used  both  during  the  determination  of 
concentration  by  weight,  and  also  during  investigation  of  aerosols 
under  a  microscope  and  during  determination  of  countaole  concentration. 
The  particles  are  practically  completely  precipitated  on  the  frontal 
surface  of  the  filter  and  turn  out  to  be  in  one  optical  plane,  which 
is  understandably  very  Important  during  microscopy.  Methods  have 
also  been  found  for  electron  microscopy  of  particles  precipitated  or 
these  filters. 
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Snyder  and  Pring  [235]  investigated  the  problem  of  clogging  of 

tissue  (bag)  filters  by  solid  particles.  Increase  in  the  resistance 

of  filters  when  they  are  clogged  up  by  course  aerosols  can  be 

expressed  by  the  formula  Ap  *  kG ,  where  G  -  mass  ol  deposit  or, 

2 

1  cm  of  filter.  In  the  case  of  finely-dispersed  aerosols  the 
coefficient  k  is  increased  somewhat  with  am  increase  of  G,  obviously 
due  to  the  thickening  of  the  deposit  along  with  tto  growth  of  G. 

The  larger  the  specific  surface  of  fibers  In  the  tissue,  the  less  k . 
Therefore  in  tissues  with  nap  k  is  less  than  in  smooth  tissues.  Thus, 
for  one  and  the  same  aerosol  in  glass  tissue  k  is  10  times,  and 
in  orlon  tissue  with  weak  nap  4  times ,  greater  than  in  the  same 
tissue  with  a  strong  nap,  and  in  general  in  different  tissues  and 
for  various  aerosols  k  can  vary  by  more  than  a  1000  times. 


Fig.  39-  Formation  of 
dust  deposit  on  a  metallic 
grid. 


N.  Yeliseyev  [236]  studied  the  mechanism  of  formation  of  aerosol 
deposits  on  tissues  in  model  experiments  on  filtration  PbO  and  ZnO 
smokes  through  metallic  grids  with  a  radius  of  wires  of  25  um  and  an 
opening  of  80  pm  (Fig.  39).  As  can  be  seen  from  figure,  the  deposits 
forming  on  the  frontal  side  of  the  filaments  grew  in  width  more  than 
in  thickness,  and  finally  cover  the  intervals  between  filaments, 
forming  a  solid  filterable  layer,  impenetrable  for  particles  out  of 
which  it  was  formed.  The  degree  of  filling  up  space  in  such  a 
layer  is  $  «  0.06,  i.e.,  it  is  very  porous;  this  explains  its 
comparatively  small  resistance  to  the  flow  of  gas. 

During  the  first  dusting  of  a  clean  tissue  for  the  formation  of 


a  filterable  layer  very  little  deposit  Is  required  -  on  an  order  of 

2 

10  g/m  .  As  it  Is  known,  filter  tissues  (bags)  are  periodically 
blown  through  with  air  in  the  opposite  direction  and  shaken  for  the 
removal  of  deposit.  Here  less  deposit  is  removed  than  was  held 
back,  ana  during  prolonged  work  the  density  of  the  deposit  reaches 
1000  g/m'  .  ApparentJv,  along  with  the  "active"  deposit  which  forms 
the  filterable  layer,  a  large  quantity  of  passive  deposit  accumulates 
on  the  tissue.  After  every  blowing  out  channels  will  be  formed  in 
the  filterable  layer.  The  aerosol  skips  through  these,  however, 

2 

they  are  very  rapidly  clogged  up;  this  requires  only  0.2-C.3  g/m  of 
ieposit.  It  is  interesting  that  resistance  of  an  intact  filterable 
layer  is  the  same  in  both  directions,  in  a  destroyed  laye-  resistance 
luring  i averse  blowthrough  is  2-3  times  less  than  during  direct  - 
the  aggregates  sitting  in  the  upper  part  of  the  channels  act  as 
ball  valves.  Further  N.  Elisey ev  showed  that  reverse  blowing 
without  deformation  of  the  tissue  is  not  very  effective.  It  lowers 
resistance  by  only  6-151,  whereas  deformation  of  tissue  so  strongly 
destroys  the  deposit  that  resistance  is  reduced  by  70-9^*.  In 
practice  reverse  blowing  Is  always  accompanied  by  3trong  deformation 
of  bag  filters. 

Thomas  and  Yoder  [237]  investigated  filtration  of  highly 
dispersed  aerosols  through  columns  with  a  granu  a r  filling.  Figure  ^0 
shows  the  filtration  curves  of  aerosols  of  libutyi  phthalate  through 
a  column  with  shot;  all  the  data  is  in  the  caption  to  the  figure, 
l.'nder  these  conditions  (small  speeds  of  flow,  very  large  R)  effects 
of  coupling  and  inertia  should  be  insignificant  and  overal1 
effectiveness  is  very  small.  The  main  roles  are  played  by  diffusion 
xpredomlnant  in  the  ascending  side  of  curves)  and  sedimentation 
(predominant  in  the  descending  branch)  mechanisms.  Therefore  ? 
decreases  very  strongly  with  an  increase  in  speed  of  flow.  The 
great  role  of  sedimentation  is  clearly  expressed  in  the  dependence  of 
?  on  the  direction  of  flow.  A  probable  mechanisms  of  this  phenomenon 
i 3  shown  in  Fig,  til,  in  which  Is  depicted  the  total  speed  of  a 
sedimenting  particle  in  ascending  and  descending  flow.  The  authors 
obtained  analogous  curves  with  columns  made  of  sand  [2181,  where  ? 


Fig.  40.  Filtration  of  aerosols  through  a  column 
with  shot.  1  -  ascending  flow;  1'  -  descending 
flow,  U  *  1.49  cm/s;  2  -  ascending  flow;  2’  - 
descending  flow,  (J  =  0.7  45  cm/s.  Radius  of  3hots 
F.  a  0.7  5  mm,  helgnt  of  column  80  cm,  area  of 

section  11.2  cm". 


Fig.  41.  Precipitation  of  particles 
on  a  granular  filling  in  ascending 
and  descending  flews. 


noticeably  decreases  with  an  increase  of  both  speed  of  flow  and  size 
of  grains.  Here  grain  with  an  irregular  shape  gives  a  better  effect 
than  round  ones. 

Experiments  with  filtration  of  a  polystyrene  aerosol  with  large 
charges  on  particles  through  a  column  with  shot  are  interesting. 
During  treatment  of  column  with  a  radioactive  preparation  discharging 
the  aerosol,  breakthrough  is  increased  by  7-15  times.  Such  a  high 
effect  of  induction  forces  in  a  column  is  explained  by  the  low 


effectiveness  of  other  mechanisms  c.  precipitation  under  the  given 
condit ions  , 

Settling  of  Aerosois  in  the  Respiratory  System 
and  During  Bubbling 

We  will  switch  to  the  settling  of  aerosols  in  the  respiratory 
system.4  Experiments  by  Morrow  et  al .  [23b]  were  conducted  with 
aerosois  of  NaCl  from  r  ■  0. 02-0. 35  urn.  Here,  depending  upon 
respiratory  rate,  the  effectiveness  of  se.u’i'g  3  in  the  entire 
respiratory  system  fluctuated  from  50  to  80  .  It  is  necessary  to 
consider  that  the  particles  should  be  noticeably  enlarged  in  the 
respiratory  system,  which  is  saturated  with  water  vapor. 


In  experiments  by  Altshuler  et  [239]  breathing  was  carried 

■  >ui  through  the  mouth;  fairly  monodispersed  fogs  of  triphenyl 
phosphate  (y  *  1.3)  were  used  and  total  deposition  in  the  entire 
respiratory  system  was  determined.  Results  of  the  experiments  are 
shown  in  Fig.  h 2 ;  respiratory  rate  is  given  in  the  f  e  caption. 
Minimum  3  was  observed  at  r  *  0.2  pm.  Attention  is  drawn  to  the 
Large  difference  in  the  value  of  3  for  different  individuals  (A,  B, 
and  C  in  the  figure). 

In  the  experiments  by  Dautrebar.de  et  ai.  [2^0],  which  were 
•cnducted  with  polydispersed  dusts  of  carbon  and  Pe-,0-  and  also  with 
particles  obtained  by  atomization  of  India  ink,  the  value  ?  for 
particles  of  different  dimension  was  determined  by  means  of 
comparison  of  distribution  curves  of  dimensions  of  particles  in 
inhaled  and  exhaled  air,  l.e.,  not  a  very  reliable  method.  A 
minimum  of  deposition  was  found  In  the  entire  respiratory  system 
it  r  %  0.3  urn,  but  in  a  later  work  by  the  authors  a  weakly  expressed 
minimum  at  r  j,  0.12-0.15  urn.  Figure  J»3  shows  the  results  obtained  at 
a  respiratory  r  te  of  10  inhalations  in  1  minute.  Curve  B  pertains 
to  air,  exhaled  at  the  end  of  normal  expiration,  l.e..  to  deposition 
l.n  the  lungs,  which  is  thus  considerably  greater  than  the  average 
deposition  in  the  entire  respiratory  system  (curve  A).  A  still 
higher  deposition  takes  place  in  the  alveoli.  For  its  determination 
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Fig.  42,  Settling  of  aerosols 
in  the  respiratory  system  of 
three  individuals:  1-9 
inspirations  a  minute;  2  - 
15  inspirations  a  minute;  3  - 
21  inspirations  a  minute. 


j.% 


Fig.  43. 
aerosols 
parts  of 
system . 


Settling  of 
in  different 
the  respiratoi-y 


a  measurement  was  made  of  particle  density  in  the  air  which  remained 
in  the  lungs  after  normal  expiration.  It  turned  out  that  regardless 
of  the  respiratory  rate  in  the  alveoli  the  following  percentages  of 
particles  which  penetrated  there  settled:  •v 90 I  of  those  with 
r  -  0.1  ym;  95?  with  r  *  0.2  urn,  and  100?  with  r  >  0.5  pm . 

The  data  presented  in  the  literature  on  the  absorption  of  aerosols 
by  foam  [241]  do  not  pertain  to  "foam  apparatuses"  introduced  in  the 
practice  of  gas  purification  by  M.  Pozin  [242].  In  these  gases  ^re 
passed  at  a  high  speed  (1-3  ®/s  with  a  calculation  for  the  entire 
cross  section  of  the  apparatus)  through  a  lattice  with  wide  openings 
into  water  without  the  addition  of  frothing  agenta.  In  this  case  a 
thin  layer  of  foam  will  be  formed  which  is  very  coarse  and  is 
rapidly  destroyed  and  then  formed  again.  Here  the  basic  mechanism  of 
precipitation  of  aerosols  is  undoubtedly  turbulent-inertial . 

Therefore  these  apparatuses  are  very  effective  with  respect  to  coarse 
aerosols,  but  art  weakiy  effective  during  transmission  through  them, 
for  example,  of  a  fog  of  sulfuric  acio  with  r  *  0.1-1  ym . 


decrease  in  the  effectiveness  of  absorption  of  aerosols  during 
cobbling  along  with  an  increase  of  water  temperature  [243]  is  caused 
mainly  by  Stefan  flow  ( p .  20  ). 


The  explanation  given  earlier  by  the  author  of  the  survey  [24'J] 
favorable  to  the  action  of  wetting  agents  during  bubbling  of 
aerosols  is  Insufficient.  It  is  obvious  that  the  addition  of 
wetting  agents  facilitates  penetration  of  particles  of  dust  into 
the  water.  We  will  return  to  this  question  later  (pp.  155-6). 


Deformation  of  Drops  in  an  Electrical  Field 

In  conclusion  of  this  chapter  we  will  give  more  exact  data  on 
the  deformation  of  drops  in  an  electrical  field  according  to  the 
calculations  of  O'Konski  and  Thatcher  [245]  for  drops  of  water  and 
iioctyi  phthalate  at  25°.  e  signifies  the  eccentricity  of  a  deformed 
imp  having  the  form  of  an  elongated  ellipsoid,  c/a  -  ratio  of  axes, 

.  is  expressed  in  esu. 5 


Table  5-  Deformation  of  drops  in  an  electri¬ 
cal  field. 
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0 
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0  ‘X> 

1  .'»•! 

1.<X) 

j  1 ,08S 

0,10 

l.t'O 

4.00 

4,30 

o.zo 

1,110 

13,  V 

|  17,43 

0,30 

1,01* 

33,0 

.10,4 

o.*o 

1.0'- 

*1.1 

!  70,4 

1,15 

Vi.  3 

110,1 

0,7 

1.4 

2-1,6 

As  calculations  show,  at  e  ■  0.45-0.70  for  water  drops  (for  which 
It  is  possible  to  take  eR  *  «*)  it  is  possible  to  approximate  complex 
expressions  for  e  in  function  rE"  ,  according  to  which  Table  5  is 
compiled  with  the  simple  formula  e  ■  0.003  rE"  ♦  0.223.  Results  of 
the  experiments  by  O'Konski  and  Ounther  [246]  with  drops  of  water, 
suspended  on  thin  glass  filaments  in  a  field  with  E  *  ]8  esu, 
where  e  changed  within  limits  of  0 . 49-0.63,  agreed  with  this  formula 


1 

i 


with  an  accuracy  of  1-2$,  but  already  at  e  *  0.46  coincidence  was 
noticeably  worse. 


Footnotes 

1  At  very  large  t  in  the  above-mentioned  example  particles  In  a 
stream  tube  will  move  rectillnearly  and  evenly  and  their  concentration 
will  not  change. 

2The  graphs  obtained  by  Langmuir  and  Blodzhett  are  given  in  the 
article  by  Tribus  et  al.  [146]. 

’Calculations  for  precipitation  on  the  wingB  cf  aircraft  were 
also  carried  out  by  L.  Levin  [150]. 

''In  §  41  of  "Meehan''  i  of  Aerosols"  it  is  necessary  to  insert  the 
following  corrections'  "respiratory  tracts"  should  be  "respiratory 
system,"  "lower  respiratory  tracts"  -  "lungs,"  "upper  respiratory 
tracts"  -  "upper  part  of  the  respiratory  system.”  Figure  62  does  not 
give  radii,  but  the  diameters  of  particles. 

sIn  "Mechanics  of  Aerosols,"  p,  219,  it  is  erroneously  shown 
that  E  is  expressed  in  V/cm. 
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CHAPTER  6 
TURBULENT  DIFFUSION  OF  AEROSOLS 

Diffusion  of  Aerosols  In  a  Turbulent  Flow 

Recently  terosols  nave  been  used  with  success  for  the  Investiga¬ 
tion  of  turbulent  diffusion,  especially  in  the  atmosphere.  Besides  it 
usually  Is  a33umed  that  movement  of  particles  and  the  contents  of 
the  meu-um  adjacent  to  them  are  identical,  which  is  true  only  at 
sufficiently  small  particle  dimensions.  In  this  case  the  basic 
positions  of  the  theory  of  turbulent  diffusion  in  an  uniform  medium 
are  also  applicable  to  diffusion  of  aerosols  and  all  the  values 
examined  be  low  can  pertain  both  to  elements  of  the  medium  and  to 
particles . 


For  simplicity  we  will  limit  ourselves  to  a  case  of  stationary 
homogeneous  turbulent  flow  in  which  neither  the  mean  speed  of  flow 
r  or  the  intensity  of  turbulence  depend  on  time  and  spatial 
coordinates,  and  we  take  a  system  of  coordinates  moving  with  an 
average  '’low  rate.  Let  us  designate  by  U'  the  instantaneous  velocity 
of  a  particle,  by  X  the  displacement  cf  a  particle  (or  ar  element 
of  the  medium)  along  one  of  the  axes;  in  this  system  of  coordinates 

obviously  U'  e  0  and  X  »  0.  In  £hc  theory  of  turbulent  diffusion 

the  basic  role  is  played  by  the  Lograngian  (temporary)  coefficient 

of  correlation 


(,’fnC'H  a) 
0‘V)  * 


RU)  =' 


(6.1) 


characterizing  relationship  between  pulsational  speed  of  the  same 
particle  in  moments  t  and  t  +  a,  and  the  Lagrangian  scale  of 
turbulence 

L~\Rie)da.  (6.2) 

characterizing  the  interval  of  time,  upon  the  expiration  of  which 
pulsational  movement  of  a  particle  becomes  independent  from  initial 
movement . 


As  certain  theoretical  considerations  and  experimental  data  show, 
it  is  possible  with  a  great  fraction  of  authenticity  to  assume  that 
the  probability  of  transition  of  particle  w(xQ,  x»  t)  [2473*  expressed 
in  case  of  Brownian  diffusion  by  the  Gauss  function,  is  close  to 
this  function  also  during  turbulent  diffusion.  Considering,  in  view 
of  the  homogeneity  of  flow,  Xq  ■  0,  we  can  write 


tif  (  x ,  t )  C 


1 

(2wX*)V 


exp 


l  _  A*  \ 

\  2X*  * 


(6.3) 


from  which  it  follows  that  the  coefficient  of  turbulent  diffusion  is 
expressed  by  the  formula 

n  *» 

D'”-2T  •  (6.4) 

Differentiating  X  by  t,  we  obtain 

TT  I  » 

-  [-  !§-'  =*  X  (/)  V  (/)  \  V  (t)  V’  (O  df  ~U*\Ri*)da,  (6.5) 

•  « 

from  which  follows  the  basic  formula  for  the  theory  of  turbulent 

dlf fusion 


With  /  -  ’  L.  R  (a)  st  I 


I 

X*  «=  —  a)  A?  (o)dtj. 


X*  d/'V. 


(6.6) 


(6.7) 
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(6.8) 


With  / ^  L 

CO 

X*  ~  2 Tr*tL  -  2V'i\aR{*)J*zz2WitLt 

since  the  second  member  has  a  value  on  an  order  of  J7*V.*,  and 
It  can  be  disregarded  in  comparison  with  the  first  member.  Thus  we 
have  here  a  complete  analogy  with  Brownian  diffusion  [248]. 

The  idea  of  coefficient  of  turbulent  diffusion  acquires  a  definite 
physical  meaning  only  at  t  >>  L,  and  value  L  in  turbulent  diffusion 
plays  a  role  analogous  to  the  role  cf  value  t  in  Brownian  diffusion. 
For  Dt  it  is  possible  to  obtain,  besides  (6.4),  the  following 

expression 


D,  -  U‘*L  -  -  X  UilTT)  (i^L).  (6.9) 

The  role  of  apparent  average  length  of  path  [249]  in  this  case  is 
played  by  the  value  ((/* J56  L. 

The  theory  of  relative  diffusion  of  a  system  of  particles1  has 
been  developed  considerably  worse.  According  to  Batchelor  [250],  with 
the  distance  d  between  two  particles  exceeding  the  internal  scale  of 
turbulence  XQ,  but  small  in  comparison  with  the  external  (main)  scale 
and  with  Re^.  high  numbers 

Y  •  *  (•  Pa  -  &  »  S'&'P  (6.10) 

(e  —  speed  of  scattering  of  turbulent  energy  in  1  g  of  substance  of 
the  medium)2  in  the  case  when  t  is  so  small  that  relative  movement 
of  particles  depends  on  initial  distance  pQ  between  them,  and 

(6.11) 

at  sufficiently  large  t.  Equation  (6.11)  corresponds  to  the 
Richardson  formula  [251]  for  relative  diffusion  D,s&,  ,  since  y* I?/# 

can  be  viewed  as  the  coefficient  of  relative  diffusion  of  particles. 
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rom  equation  (6.11)  it  Is  clear  that  speed  of  relative  diffusion 
increases  with  Increase  of  distance  between  particles  p,  however, 
with  p  exceeding  the  basic  scale  of  turbulence  the  movements  of 
particles  become  independent  and  coefficient  of  relative  diffusion 
no  longer  depends  cn  p. 

A  very  Important  question  concerning  turbulent  diffusion  of 
particles  so  large  that  their  motion  no  longer  could  be  considered 
identical  with  movements  of  the  medium  is  solved  in  the  monograph 
by  Chen  [85].  Proceeding  from  the  basic  differential  equation  of 
movement  ( 3 - 1 )  of  Stokes  particles,  Chen  proved  by  means  of  quite 
complex  computations  that  coefficients  of  turbulent  diffusion  of 
particles  and  media  are  equal.3 

Physical  meaning  of  the  Chen  theorem  is  clear.  Particles  possess 
smaller  pulsatlonal  speed  than  the  medium,  but  then  their  pulsational 
motions  are  more  persistent.  Their  temporary  scale  of  turbulence  L, 
and  consequently  diffusion  '’steps”  also,  are  greater  than  for 
elements  of  the  medium.  Soo  [2,52]  and  Liu  [253]  then  came  to  an 
analogous  conclusion,  but  in  a  leas  general  form. 

Experimental  confirmation  of  the  Chen  theorem  was  obtained 
recently  in  the  experiments  of  Soo  et  al.  [25*1].  Glass  beads  with 
v  ra  57  and  115  ym  were  introduced  into  a  wind  tunnel  and  were 
photographed  after  specific  intervals  of  time.  Based  on  the 
photographs  calculations  were  made  of  the  position  of  the  beads  in 
a  system  of  coordinates  moving  with  an  average  speed  of  flow  and 
from  hero  were  calculated  the  values  p7*,  L,  and  for  particles  in 
longitudinal  and  transverse  directions.  Unfortunately  the 
corresponding  values  for  the  medium  were  not  determined  here,  however. 
In  agreement  with  theory,  the  values  D  for  beeda  with  these  two 

w 

dimensions  turned  out  to  be  very  close.  At  U  *-  25  m/s  for  r  •  57 

o 

end  115  un  D.  in  longitudinal  direction  equaled  2.c>i}  and  2.60  cm  /s, 

p  : 

In  a  transverse  direction  Q.30  and  0.33  cm  /s .  At  the  same  time 

i’’  *■  for  bigger  particles  was  ?.0%  smaller  than  for  smaller  ones,  i.e. , 


the  degree  of  entrainment  of  particles  by  turbulent  pulsations 
decreased  with  an  increase  of  r. 

Free  Aerosol  Streams 

There  is  great  Interest  in  the  movement  of  aerosol  particles  in 
free  streams,  but  there  is  very  little  data  on  this  problem. 

N.  Kubynln  [253]  Investigated  the  distribution  of  concentrations  of 
very  polydisper3cd  (r  *  10-300  ym)  coal  dust  in  streams,  released 
with  speeds  of  Uq  **  22  and  33  m/s  from  a  tube  with  a  diameter  of 
5  cm.  Simultaneously  the  profiles  of  speed  in  the  stream  were 
measured.  These  practically  did  not  change  with  an  increase  in  the 
concentration  of  dust  from  0  to  1.15  g/g  of  air.H  It  turned  out 
that  the  distribution  of  velocities  and  concentrations  in  a  stream 
is  quite  similar.  This  is  easy  to  understand  if  one  were  to 
consider  the  proximity  of  coefficients  of  turbulent  diffusion 
one',  turbulent  viscosity  v  .  Near  the  axis  of  stream,  however,  the 
percentage  of  coarse  particles  is  increased.  Unfortunately,  data 
for  the  separate  fractions  In  the  work  were  not  obtained. 

A.  Chernov  [257],  working  with  dust  fractions  of  corundum,  quartz, 
and  boric  acid  with  r  ■  30-200  pm  at  Uq  ■  17-37  n/s  and  nozzle 
diameter  of  2.5  cm,  confirmed  independence  of  velocity  profile  on 
cast  concentration .  Qy  photographing  the  moving  dust  particles,  the 
author  showed  that  their  Initial  speed  upon  discharge  from  the 
nozzle  VQ  practically  does  not  depend  on  r;  at  UQ  **  28.5  m/s,  VQ  - 
-  20-22  m/s  (for  the  cause  of  this  phenomenon  see  p.  1^2).  Here  the 
particles  possessed  a  high  speed  of  rotation,  on  an  order  of  1000  r/s, 
obtained  by  them  during  friction  cn  the  wall  of  the  nozzle. 

Initially  the  velocity  of  particles  V  Increases,  the  speed  of  air 
along  the  axis  cf  the  stream  U  decreases,  at  a  certain  distance  from 
the  nozzle  they  are  equal,  and  further,  thanks  to  Inertia  of  particles, 
they  move  already  faster  than  the  air  and  the  larger  the  particles 
the  more  the  ratio  V/U  Increases.  It  follows  from  this  that  the 
above-mentioned  observations  cn  the  independence  of  velocity  profile 
dust  content  are  not  fully  accurate:  dust  should  decrease  airspeed 
near  the  nozzle  and  Increase  airspeed  far  away  fre a  it. 


Precipitation  of  Aerosols  from  a  Turbulent  F 1 ow 

The  question  of  distribution  of  dust  by  height  in  a  horizontal 

turbulent  flow  has  been  investigated  by  Dawes  and  Slack  f  2 5 8 3  -  They 

blew  a  fraction  of  coal  dust  with  r  *  2-20  pm  through  a  tube  with  a 

square  cross  section  of  30  *  30  cm  at  a  speed  of  0.5-2  m/s  and 

measured  its  concentration  at  various  heights  above  the  bottom  of 

the  tube.  For  fractions  with  r  <  8  ym  the  concentration  was 

practically  constant  over  the  entire  section.  From  the  data  given 

by  the  authors  for  fractions  with  r  ■  '"11,  11-16,  and  16-22  ym,,it 

is  clear  that,  for  example,  in  the  second  of  these  fractions  the 

concentration  at  the  bottom  cf  the  tube  was  2-3  times  higher  than 

at  the  top.  Based  on  the  formula  In (nJn»)  *=  —  V^t/D,  [259]  taking  into 

account  the  irregular  shape  of  coal  particles  (see  p.  8  );  the 

coefficient  of  turbulent  diffusion  calculated  by  the  author  of  the 

survey  at  U  *  1  m/s  for  the  stated  fractions  fluctuated  from  50  to 
o 

90  cm  /a,  while  baser  on  the  empirical  formula  of  Sherwood  and 
Woertz  [260]  ®  0.044  v  Re^'^  it  should  equal  11.6.  Ii  is 

calculated  by  tlw  formula  Dfc  »  0.7  -J#z  [26 1],  taking  for  z  half  the 
radlua  of  the  tube,  the  friction  rate  is  determined  by  the  well-known 
formula  b' ^  0,2  U/Rt{'  [262],  then  D,  «=  0.035*  Re','1  ~  32  is  obtained. 
Obviously,  further  analogous  measurements  are  needed. 

Let  us  mention  two  slmlempiri cai  methods  for  calculation  of 
diffusion  flow  I  toward  the  smooth  walls  of  tubes  during  turbulent 
flow.  Lin  et  al.  [263]  assumed  that  in  the  laminar 

Dt  —  »»  «■  (*714,5)’  v,  (6.12) 

whore  z •  -  zU*/v,  U*  -  rate  of  friction.  It  follows  from  this  that 
in  the  buffer  sublayer 

D#  »  y  (*75  —  0.959)  (6.H) 

The  exp-essicn  obtained  from  these  formulas  for  diffuse  flow,  which 
corresponds  well  with  experimental  data,  Is  not  given  here  in  view  of 


its  cumbersomeness. 


Deiss  ler 


[264]  originated  from  the  formulas  which  he  derived 
earlier  and  which  conformed  excellently  with  experimental  data, 
for  the  profile  of  speed  during  turbulent  flow  and  arrived  at  the 
following  expression,  applicable  at  Sc  >  200 

Sh_<yrp.i2w*/?sct'-  (6.14) 

KV  * 

also  agreeing  well  with  data  from  experiments  on  diffusion  in 
solutions.  From  formulas  (6.14)  and  (1*  —  0,2  £// Re}'>  [265]  it  follows 

that 


/ 


KR 


(6.15) 


in  agreement  with  the  formula  of  L.  Landau  and  V.  Lev . ch  [266]. 


In  the  work  by  Friedlander  and  Jc  .nstone  [267]  an  investigation 
is  made  of  the  precipitation  of  aerosols  on  walls  of  vertical  tubes 
during  turbulent  flow.  Experiments  were  conducted  with  almost 
spherical  particles  of  Fe  (r  *  0.4-0, 8  pm)  and  A1  (r  *  2.5  um)  i*1 
tubes  with  a  radius  of  0.27-1.2  cm.  Measures  were  taken  so  that 
particles  which  precipitated  on  the  walls  were  not  blown  off  by  flow 
(lubrication  of  wails).  Slrce  the  rate  of  precipitation  on  the  wall 
of  the  tubes  exceeded  by  two  orders  that  calculated  by  the 
formula  (6.16)  and,  furthermore,  increased,  with  the  size  of  trie 
particles,  here  Inertial  precipitation  undoubtedly  t  ok  place. 


Figure  44  gives  the  results  of  experiments  with  particles  of  Fe , 
r  ■  0.4  pm,  in  a  tube  with  R  *  0.29  cm.  As  can  be  seen  from  the 
curves,  a  deposit  will  be  formed  not  at  the  very  entrance  into  the 
tube,  but  in  an  interval  of  distances  x  * rom  the  entrance 
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Fig.  44,  Precipitation  of  iron 
pa; ‘'lcies  on  the  walls  of  a  tube 
'  uring  turbulent  flow. 


For  a  theoretical  calculation  of  speed  of  precipitation  the 

author^  assumed  that  those  particles  are  precipitated  which  approached 

*  ie  wall  at  a  distance  of  ii.ertial  path  ,  corresponding  to  the 

near  square  sp°ed  of  turbulent  pulsations  vr  in  a  direction 

perr  tndicular  tc  the  wall  at  distance  from  the  wall.  Along 

wit  ;  this  the  data  from  Laufer  [263]  were  used.  According  to  t , 

with  an  increase  of  z*  from  0  to  ”-80  v  /{!*  is  increased  from  f  to 

n 

vO.c  a.id  further  is  not  changed.  For  simp1! ficatlon  of  calculations 
’.he  authors  accepted  simply  that  v  *  0.9  U* .  According  to  the 
hypothesis  that  the  sublayer  is  purely  laminar,  in  certain 
ex  per  Intents  precipitation  in  general  should  not  have  occurred , 
since  the  thickness  of  this  sublayer  6t 5v/(/*  was  larger  than 
With  he  help  of  formulas  (6.1?)  and  (6.13)  the  authors  obtained 
the  *ol lowing  expression  for  rate  of  precipitation  of  particles  on 
1  era2  of  wall : 


Jx&L 


+  V  (U.V  I  2f*  — 


(f  —  ItU’f*). 


(6.16) 


The  values  of  I  calculated  from  it  differed  by  no  more  than  twice 
(in  both  sides)  from  experimental.  It  was  difficult  to  expect 
better  coincidence  at.  the  existing  level  of  our  knowledge  about  the 
cture  of  turbulent  flow  near  wai.s . 


In  the  above-mentioned  experiments  by  Dawes  and  Slack  they  also 
measured  the  speed  of  precipitation  of  coal  dust  on  the  bottom, 
and  lateral  and  upper  walls  of  the  tube.  For  precipitation  on  the 
bottom  of  the  tube  they  found  the  dependence 

/«  *r*n  »  kr*n,  exp  .  (6.17) 


(nQ  ~  initial  concentration  of  aerosol,  h  -  height  of  tube,  k  — 

constant),  which  i3  easy  to  deduce  [269]*  considering  the 

concentration  constant  over  the  entire  section  of  tube,  where 

kr  =  Vg.  At  r  >  16  pm  I  decreases  faster  than  by  this  formula,  since 

tho  concentration  of  aerosol,  as  we  have  seen  on  p.113,  noticeably 

increases  upon  approaching  the  bottom  of  the  tube.  For  the 

relationship  6  of  speed  of  precipitation  on  the  side  walls  and 

on  the  bottom  of  the  tube  the  authors  found  the  dependence  8  Jfc 
-1  75 

%  2(2r)  >  where  r  is  expressed  in  microns  and  8  depends  little 

on  the  speed  of  flow.  Thus  the  rate  of  precipitation  of  particles 
on  the  side  walls  in  these  experiments  is  proportional  to 

Pereles  3howed  [270]  that  also  in  these  experiments  the  rate  of 
precipitation  on  the  lateral  and  upper  wall3  is  incompatible  with 
the  hypothesis  of  a  purely  laminar  sublayer.  In  h:.s  calculations 
the  author  disregarded  inertia  of  particles  which,  as  we  already 
saw  is  not  permissible. 

Based  on  its  basic  idea  the  work  by  Owen  [271]  is  close  to  the 
above-mentioned  work  by  Friedlander,  however,  Owen  takes  as  the 
basis  of  his  calculation  a  more  complex  law  for  tho  change  in  the 
coefficient  of  turbulent  diffusion  with  the  distance  from  the  wall, 
splitting  the  boundary  layer  into  three  zones.  The  formulas  derived 
by  him  for  rate  of  precipitation  on  tho  bottom,  lateral,  and  upper 
walls  of  a  rectangular  horizontal  tube  agree  quite  well  with  the 
results  of  the  experiments  of  Dawe3  and  Slack. 


Kocpc  [272]  also  conducted  experiments  with  coal  dust  in  a 


1 

I 


horizontal  drift  with  a  height  of  1.8  m  at  U  *  1 .  l>  m/s  and  found  that 
the  number  of  particles  settled  on  1  cm1'  of  bottom  of  drift  did  net 
depend  on  the  horizontal  distance  x.  This  of  course  is  an  accidental 
result,  apparently  connected  with  the  highly  polydlspersed  state 
of  the  dust.  Madisetti  [273],  working  under  the  same  conditions 
but  with  fractionated  dust  (r  ■  0.5-3  pm),  found  at  U  ■  50-60  cm/s 
for  the  precipitation  of  each  fraction  on  the  bottom  of  the  drift 
the  dependence  I  *  A  exp  (-kxj  In  agreement  with  formula  (6.17), 
but  a  very  small,  in  comparison  with  data  from  the  experiments  of 
Dawes  and  Slack,  rate  of  precipitation  on  the  walls.  Here  particles 
with  r  >  1  ym  were  generally  not  detected  on  the  walls.  It  is  quite 
difficult  to  explain  this  variance. 

Difx'usio.i  of  Aerosols  in  Free  Atmosphere 

Frenklel  and  Katz  [2n,4]  investigated  the  scattering  in  atmosphere 
of  small  clouds  of  powder  which  were  released  from  balloons.  This 
was  done  by  photographing  these  clouds  from  the  earth.  The  contours 
of  a  small  cloud  on  photographs  are  determined  by  the  fact  that 
extinction  of  light  rays,  passing  through  the  edges  of  a  small 
cloud,  is  30  small  that  it  no  longer  is  recorded  by  a  photographic 
plate.  The  experiment  lasted  around  20  s,  after  which  the  small 
cloud  vanished.  By  substituting  the  images  of  a  small  cloud  into 
sequential  instants  on  circles  with  an  equi dimensional  area,  the 
authors  found  that  scattering  of  small  clouds  is  described  well  by 
the  formula  (6.7),  however,  here  it  was  necessary  to  accept  for 
t  “  0  not  the  moment  of  burst  of  the  powder,  but  a  moment  1  s  later. 

According  to  the  accurate  observation  of  Gifford  [275]  the 
scattering  of  small  clouds  is  a  case  of  relative  diffusion,  described 
not  by  formula  (6.7),  but  by  formulas  (6.10)  and  ''6.11).  Indeed, 
as  Gifford  showed,  the  results  of  Frenklel  and  Katz  are  accurately 
described  by  formula  (6.10)  at  t  <  10  3  and  formula  (6.11)  at 
t  >  10  s. 

In  the  literature  theoretical  werxs  continue  to  appea.  or.  the 
, reeipi tat  ion  of  aerosols  from  atmosphere. 


i 


In  these  trey  either 


completely  disregard  sedimentation  of  particles  [276],  or  originate 
from  the  Setton  theory,  introducing  coefficients  of  reflection  from 
the  earth  or  other  artificial  conditions  [277].  A  more  correct 
approach  to  a  sclut’^n  of  the  problem  is  the  direct  solution  of 
the  fundamental  equation  of  diffusion  of  sedimentary  particles  in 
a  flow  for  a  linear  source  during  a  normal  adiabatic  temperature 
gradient  which  is  given  by  Rounds  [278].  Approximating  the 
logarithmic  profile  of  wind  by  exponential  formula  U  *  UtCz/z.,)3 
and  considering  *  <U#z  [279] »  rounds  obtained  for  the 
concentration  of  aerosol  at  the  surface  of  the  earth  the  expression 


(6.18) 


in  which  p  -  -  Wk  U*  (j  +  a)  ;  A  **  h'UktDh  (!  +  a)*  ;  h  ~  height  of  source  , 

,  and  IX  -  values  of  U  and  at  height  h,  V  —  gamma  function. 

n  n  Zt 

Rate  of  precipitation  on  the  surface  of  the  earth  is  then  calculated 
oy  the  formula  i  *  V„.n  _ . 
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Footnotes 


‘In  "Mechanics  of  Aerosols"  relative  diffusion  is  called 
Lagrangian  diffusion,  however  this  term  is  not  very  fortunate. 

2  In  ^’Mechanics  of  Aerosols"  e  is  erroneously  referred  not  to 
—  - 

1  g,  out  to  1  car  of  substance  of  the  medium. 

’During  the  compilation  of  "Mechanic  jf  Aerosols"  the  work 
by  Chen  was  not  known  to  the  author .  and  therefore  there,  on  p.  232 
it  is  maintained  erroneously  that  D.  of  particles  is  less  than  D 

of  the  medium. 

‘’Let  us  note  tha*"  according  to  the  observations  of  Hoffman  [356 
during  measurement  of  speed  of  flow  with  a  Pitot  tube  a  content  of 

dust  (quartz)  in  the  air  up  to  1  kg/ro^  does  not  affect  results,  if 
on  the  walls  of  the  tube  a  du3t  deposit  wa?  not  formed. 


CHAPTER  7 
COAGULATION  OF  AEROSOLS 


Brownian  Coagulation  of  Aerosols 

Let  us  mention  first  of  all  works  on  the  coagulation  of  highly 
dispersed  aerosols.  In  the  work  by  Zebel  [284]  the  rates  of 
diffusion  and  kinetic  precipitation  of  particles  on  an  absorbing 
sphere  are  not  equated  at  the  distance  of  average  apparent  length 
of  free  path  of  particles  from  the  surface  of  the  sphere,  as  this 
is  done  by  the  author  of  the  survey  [285],  but  at  the  very  surface. 
Here  for  the  constant  of  coagulation  is  obtained  the  expression 


K 


(7-1) 


(m  —  mass  of  particles,  Kq  —  value  of  constant,  disregarding  jump 
of  concentration),1  whereas  the  formula  derived  by  N.  Fuks  [286], 
can  be  presented  in  the  form 


K 


_3 pVm  ) 

r  yt’it 1 


(7-2) 


The  opinion  of  Zebel  that  his  formula  is  applicable  also  when 
30/m/r  V2xkT 'ssl fa/r  S>  I  is  incorrect.  In  this  case  approximately 
accurate  is  the  formula  K  =»  2V~2ar*G  [283]. 
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=  :  '  *  a  a*;  with  certain  reservations)  only  the  lata  of  Nolan  ani 
her. nan  [? 87],  measuring  the  rate  of  coagulation  of  aerosols,  obtained 
by  sublimation  of  platinum  in  filtered  air.  The  average  radius  of 
particles,  varying  within  limil s  of  0 . 5 • 10~^-2 . 6 • 10~^  cm,  was 
determined  by  diffusion  method  (see  p.8l  ).  Particle  density 
was  measured  in  a  Poliak  nuclei  condensation  counter  [288],  in 
which  the  concentration  of  nuclei  is  determined  based  on  their 
reduction  of  light  after  condensation  of  water  vapor  on  them. 

The  average  value  of  the  ratio  K/rD  in  these  experiments  is  equal 
to  33;  deviations  from  it  are  great,  but  a  systematic  change  of 
K  with  increase  of  r  was  not  observed.  Without  a  correction  for 
jump  of  concentration  this  ratio  for  isodispersed  aerosols  should 
equal  8tt  %  25,  and  in  view  of  the  polydispersed  state  of  the  aerosols 
increased  values  of  K  should  have  been  expected. 

Thus,  from  these  experiments  it  would  seem  that  a  correction  for 
jump  of  concentration  is  unnecessary,  however  this  conclusion  is 
not  completely  convincing.  Prom  experiments  with  horizontal  channels 
[289]  the  authors  found  values  of  0.4-0. 7  for  the  apparent  density 
of  platinum  particles,  and  this  indicates  that  the  aerosol  consisted 
of  exceedingly  friable  aggregates,  formed  from  a  huge  number  of 
primary  particles  and,  consequently,  the  degree  of  polydispersion 
in  the  aerosol  is  very  great.  Furthermore,  on  the  basis  of 
experiments  by  Whytlaw-Gray  [290]  it  is  possible  to  assume  that  a 
considerable  share  of  particles  has  an  elongated  form,  and  both 
these  circumstances  should  have  noticeably  increased  the  constant  of 
coagulation  and  compensated  for  the  effect  of  jump  of  concentration. 
Obviously  for  a  final  solution  of  the  problem  it  is  necessary  to 
study  speed  of  coagulation  of  highly  dispersed  weakly  coagulated 
aerosols . 

In  the  new  work  by  O’Connor  [291] »  which  was  conducted  .In  Nolan’s 
laboratory,  for  room  condensation  nuclei  with  r  *  2-3*10  ^  cm  an 
incredibly  large  value  K/rD  ■  100-140  is  obtained.  According  to 
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a  ar  rcaguiat  i  :r.  cf  bipolar 

-  *  •  -a-? count  the  circumstance  that  particles 

'  ■'  en  -'ice  have  icticuiiy  no  more  than  1  elementary  charge 
■  particle  charges  cannot  be  the  cause  of  such  a  high  constant 
coagulation.  Apparently  during  these  measurements  some  serious 
errors  were  committed. 

Based  on  the  experiments  of  Cawood  and  Whylaw-Gray  [293]  in  an 
aerosol  of  Fe20^,  obtained  photochemi cally  from  vapors  of  Fe  (CO)^ 
added  to  air,  at  pressures  of  200-760  mm  Hg  column  the  coagulation 
constant  increases  considerably  with  a  lowering  of  pressure.  This 
is  not  surprising,  since  these  aerosols  in  the  first  period  of 
their  existence  are  undoubtedly  very  highly  dispersed  and  their 
coagulation  constant,  according  to  the  formula  (7*3) »  is  noticeably 
Increased  with  an  increase  of  the  ratio  l/r. 

With  the  help  of  differential  counter  of  condensation  nuclei, 
which  makes  it  possible  to  determine  the  concentration  of  nuclei 
of  different  value  (corresponding  to  different  degree  of 
supersaturation),  Yaffe  and  Cadle  [29*0  qualitatively  investigated 
the  kinetics  of  coagulation  of  highly  dispersed  aerosols,  obtained 

by  heating  TiO_  and  NaCl.  In  agreement  with  theory,  the  number 

^  —7 

of  particles  of  least  value  with  r  *  0.4-0.6*10  cm  decreases 

rapidly  from  the  very  beginning,  and  the  number  of  particles  of 

coarser  fractions  at  first  increased,  attained  a  maximum,  and  then 

decreased . 

Melzak  [295]  proposed  a  method  for  solving  the  basic  integro- 
differential  equation  of  coagulation 


m 

'•  -  n  —  m,) n («,)  n (m 

OO 
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with  a  fixed  coagulation  constant,2  practically  coinciding  with  the 
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i-  v=s .uej  of  jsr.otar.ts,  depending  or,  mass  (or  volume }  of  coagulating 

:  articles,  is  naturally  much  more  Important,  but  apparently  is 

possible  only  by  numerical  methods.  The  first  published  calculation 

of  such  a  kind,  the  kinetics  of  change  in  the  factional  composition 

of  a  coagulating  aerosol  with  an  assigned  initial  distribution  of 

particle  sizes,  was  performed  by  Zebel  [298]  on  a  computer. 

i 


In  the  opinion  of  B.  Dery agin  [299],  in  the  theory  of  coagulation 
it  is  necessary  to  consider  the  following  circumstince :  In  order  for 
two  approaching  particles  to  come  in  contact,  they  have  to  force  out 
the  layer  of  medium  lying  between  them.  According  to  Taylor  [300] 
the  closure  rate  of  two  spheres  under  the  action  of  force  F  is 
equal  to 


y  —  ^  , 

3rtrjr  *  *  (7*6) 

In  the  derivation  of  this  formula  it  is  accepted  that  the  minimum 
distance  between  spheres  h  <<  r.  As  it  is  easy  to  check,  it  follows 
from  it  that  spheres  in  general,  cannot  come  in  contact.  In 
experiments  with  spheres  which  were  dropping  in  a  very  viscous 
liquid  [301],  it  was  indeed  revealed  that  approaching  spheres  do 
not  engage,  but  go  separate  ways.  Also  well-known  is  the  phenomenon, 
Induced  by  the  presence  of  an  air  layer,  of  repulsion  of  large 
water  drops  colliding  in  air,  however,  solid  beads,  as  daily 
experience  shows,  mesh  following  collisions.  For  a  case  of  large 
particles  this  problem  is  analyzed  below.  In  the  theory  of  Brownian 
coagulation,  l.e.,  practically  fpr  particles  with  r  <  1  pm,  the 
problem  is  resolved  more  simply.  Obviously  in  this  case  the  Taylor 
formula  is  applicable  only  at  values  of  h  less  than  the  average 
lengf '  of  free  patn  of  gas  molecules,  and  it  is  impossible  to 
use  the  formula  of  hydrodynamics  for  the  process  of  squeezing 
out  the  gas  layer. 

In  connection  with  the  reports  by  Dautrebande  and  his  colleagues 
[302,  303]  about  the  intense  coagulation  of  silicate  dust  by  aerosols 
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'.e:e-r-3ry  to  point  out  the  following  data.  According 
x:.-rir.ento  of  Avy  [304],  a  noticeable  lowering  of  countable 
•.  ration  of  an  aerosol  of  indigo  with  r  »  0.1-0.15  urn  and  nQ  • 

=  *10"  was  observed  during  injection  into  it  of  a  fog  made  from  a 

solution  of  NaCl  with  r  ■  2-3  ym.  Here  the  concentration  of  NaCl 

4 

aerosol  in  the  chamber  was  reduced  to  n  *  2*10  .  After  cessation 
of  injection  coagulation  of  the  indigo  aerosol  continued  practicc.lly 
at  the  same  speed  as  in  a  control  experiment,  which  should  have 
been  expected  according  to  the  theory  of  Brownian  coagulation. 

According  to  Le  Bouffant  [305],  following  introduction  into  a 
chamber  with  coal  dust  (r  ■  0.25  ym)  of  such  a  quantity  of  NaCl 
aerosol  with  r  ^  0.1  ym  that  the  concentration  by  weight  of  carbon 
and  NaCl  were  practically  identical,  no  noticeable  enlargement 
of  coal  particles  was  observed. 

Of  decisive  importance  in  these  experiments  is  the  hygroscopicity 
of  NaCl  and,  consequently,  atmospheric  humidity.  As  Walkenhorst 
and  Zebel  [306,  3O7 3  showed,'  a  djry  aerosol  of  NaCi  fa?  "<  6.1  ym) 
does  not  affect  stability  of  coat  dust.  At  95-99%  atmospheric 
humidity  rapid  enlargement  is  observed  and  the  precipitation  of 
aggregates  made  from  particles  of  carbon  and  NaCl,  due  to  increase 
in  the  size  of  the  latter  induced  by  absorption  of  moisture  and  the 
consolidation  of  aggregates  (see  p.  3  ).  Analogous  observations 
were  made  of  aerosols  of  Si02.  Also  understandable  are  the 
observations  by  Dautrebande  [308],  According  to  him,  when 
animals  inhale  a  mixture  of  aerosols  of  Si02  (r  ■  0.35  ym)  and  NaCl 
they  are  precipitated  in  the  bronchi,  but  following  inhalation 
of  a  pure  aerosol  of  SiC>2  —  in  the  lungs.  It  is  known  that  already 
in  the  middle  of  trachea  inhaled  air  becomes  saturated  with  water 
vapor  [77]. 

According  to  the  experiments  of  Fujitani  [3093,  following 
introduction  of  ethyl  acetate  vapors  (up  to  0.6  mM/i)  in  a  fog 
made  of  a  saturated  solution  of  ammonium  chloride  with  r  ■  0.25  ym 
the  coagulation  constant  decreases  from  8#10**^  to  3*10  ^  cm^/s. 
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The  same  effect  is  produced  by  amyl  and  butyl  alcohols, 
difficult  to  accept  that  here  a  lowering  in  the  effectiveness  of 
collisions  takes  place.  Besides  that,  the  latter  of  the  figures 
cited  is  much  nearer  to  the  theoretical  value  of  coagulation 
constant  than  the  first.  Apparently,  in  these  experiments 
crystallization  of  NHj,C]  from  drops  occurred  and  the  form  of 
particles  formed  was  changed  (became  less  elongated)  under  the 
action  of  organic  vapors. 


Electrical  Effects  in  Brownian  Coagulation 

We  will  switch  to  electrical  effects  during  coagulation  of 
aerosols.  Zebel  [284]  gave  attention  to  the  circumstance  that  the 
effects  of  unipolar  and  bipolar  charging  are  not  symmetrical.  As 
can  be  seen  from  the  theory  of  coagulation  of  charged  aerosols 
[210],  at  large  absolute  magnitudes  of  the  value  *12  “  Qi^/^rkT 
( q and  q2  —  charges  of  particles)  in  the  case  of  attraction  of  . 
particles  ratio  of  coagulation  con:  tants  of  charged  and  uncharged 
aerosols  8  %  |\12|,  and  in  case  of  repulsion  8  Ifc  Xu*"4-,  i.eY,  the 
effect  of  unipolar  charging  is  much  stronger  than  bipolar.  For  the 
value  8  taking  into  account  jump  of  concentration  Zebel  obtained 
the  expression 


r  \  8*f  J  J 

(7.7) 


applicable,  despite  the  opinion  of  the  author,  only  at  tafr<Z  1. 

In  formula  f)  —  —  I)  [310],  by  expanding  into  a  series  vje 

will  obtain 


(7.8) 


This  formula  i3  also  cited  by  Gunn  [311] »  but  he  has  Xu  -  q>qi/rkT. 
In  the  experiments  of  Benton  et  al.  [312]  in  the  chamber  they 
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•  •"  -  .  .i-  pm,  obtained  by  atomization  of  D.i-i  N 

•  ‘  '  -f  iror.  aiunn  and  KCNS .  Based  on  the  number  of  stained 
■  •  In  too  deposit  on  the  bottom  of  the  chamber,  the  rate  of 

coagulation  0  of  drops  of  both  fops  with  each  other  was  estimated, 
ft  turned  out  that  4>  increases  -with  an  increase  in  the  concentration 
of  solutions.  The  addition  of  cationic  detergents  to  a  solution 
of  alums  and  anionic  detergents  to  a  solution  of  KCNS  noticeably 
increases  4,  and  with  the  reverse  combination  $>  noticeably  decreases 

■3+  _ 

Since  cn  the  surface  of  the  stated  solutions  ions  FeJ  and  CNS  £re 
absorbed,  as  well  as  cations  of  cationic  detergents  and  anions  of 
anionic  detergents,  authors  consider  that  double  electric  layers 
on  the  surface  drops  influence  the  effectiveness  of  their  collisions 
and  namely  decrease  it  if  the  drops  have  identical  signs  of  surface 
potential  drop  and  increase  it  in  the  opposite  case. 

As  is  pointed  out  below,  free  charges  of  drops  indeed  noticeably 
increase  the  effectiveness  of  collisions,  but  the  mechanism  of 
this  phenomenon  is  such  that  it  cannot  take  place  with  a  double 
electric  layer.  Furthermore,  electrostatic  forces  between  two 
drops  which  are  covered  by  such  layers  are  insignificantly  small 
even  at  a  very  close  distance  between  drops.  It  is  true,  as 
3.  Dukhln  and  V.  Deryagin  showed  [313] »  that  during  movement  of  a 
drop  and  circulation  inside  drop  induced  by  it  a  displacement  can 
take  place  In  the  charges  in  the  double  electric  layer,  leading 
to  polarization  of  the  drop  and  the  appearance  of  a  quite  strong 
external  field.  However,  it  is  most  probable  that  the  observations 
of  3enson  are  explained  by  the  balloelectric  effect.  According  to 
3.  Natanson  [31*0,  during  atomization  of  solutions  with  a  high 
ionic  strength  a  balloelectric  effect  of  a  second  kind  is  observed; 
the  fog  is  charged  with  the  sign  opposite  to  the  sign  of  the  ions 
adsorbed  on  the  surface  of  tuo  -  ^ 1  v  *  i  on ,  i.e.,  positive  for  KCNS 
and  negative  for  alums.  Actuations  of  detergents  should  strengthen 
this  effect  still  more.  Unfortunately,  in  his  experiments  Elton 
did  not  measure  the  charges  of  drops. 

Winkel  [315]  investigated  kinetics  of  coagulation  of  aerosols  in 
a  chamber,  in  which  a  uniform  electrical  field  with  an  intensity 
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!•:  *  -.O-.'Pj  V/cn  was  created.  In  the  ease  o<'  f  r ,  formed 
during  hydrolysis  of  TiCl^  vapors,  concentration  by  weight  wa3 
changed  according  to  the  law  c  --  c9  exp  (—KErt) .  In  an  aerosol  of 
h'H.Cl  the  effect  was  much  stronger  and  aggregates  in  the  form  of 
long  filaments  appeared.  In  both  cases  large  aggregates  were 
precipitated  not  on  the  electrodes,  but  on  the  bottom  of  the 
chamber,  i.e.,  they  possessed  small  free  charges.3 

Zebel  [316]  gives  the  theory  of  coagulation  of  aerosols  with  the 
particles  constituting  electrical  or  magnetic  dipoles,  taking  into 
account  the  disorienting  action  of  thermal  motion.  The  basic  role 
in  this  theory  is  played  by  the  value  pn  «  (P:,*T)V'  (P  -  dipole  moment), 
expressing  the  distance  between  centers  of  dipoles  at  which  the 
energy  of  interaction  between  them  has  a  value  on  an  order  of  kT.  The 
author  made  calculations  for  cases  of  weak  (pp  <<  2r)  and  strong 

(pc  ~  2.8r)  interaction.  In  the  first  case  the  coagulation  constant 

*  £ 
increases  by  the  factor  1  +  0,095(pp/2r)  ,  in  the  second  —  by 

the  factor  'vpp/Pr. 


Sound  Coagulation  of  Aerosols 

Very  little  has  been  done  in  recent  years  on  the  theory  of 
sound  coagulation. *  In  the  wcvk  of  V.  Qudemchuk  et  al.  [317] 
a  study  was  made  of  coagulation  a  fairly  isodiepersed  fog  of  dloctyl 
phthalate  with  r  *  0.28  pm  in  a  flow  at  a  frequency  13  kHz.  As 
can  be  seen  from  Pig.  20  and  Table  13  of  "Mechanics  of  Aerosols" 
[318],  under  these  conditions  practically  complete  entrainment 
of  particles  by  vibrations  of  air  takes  place,  I.e.,  coagulation 
by  the  mechanism  of  Khidemann  ^as  absent;  nevertheless,  with  a 
sufficient  intensity  of  sound  the  "^agulated  rapidly. 

ed  on  visual  observations  of  the  autho-s  considerable  agitation 
of  the  gaseous  environment  took  place.  For  clearing  up  its  role 
a  system  of  parallel  plates  was  placed  in  the  coagulational  column 
at  a  height  of  90  cm  and  with  intervals  of  1**2  cm.  These  reduced 
the  amplitude  of  sound  oscillations  comparatively  little,  but 
noticeably  reduced  turbulence.  With  the  same  intensity  of  sound 
in  the  column,  in  the  presence  of  plates  the  speed  of  coagulation 
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f  *  •.  f r ~  ‘  exc?rlr.?n.  ■’>  * 

; '  •:*  1'  apparent  .y  u  serious  factor  In  sound 
r.  1  •  n  the  .thor  hand  ,  turbulence  paralyzes  effect  of 

i  of  particles  to  ar  tinodes  of  standing  waves  under 

•  rv  act  ion  of  radiation  pressure  [265]  and  the  effect  of  asymmetry 

a;  ’illations  of  particles  (p.  27  of  the  survey)  and  these  effects 
probably  do  not  play  a  noticeable  role  in  sound  coagulation.  What 
value  there  is  here  In  the  hydrodynamic  effect  of  Oseen  forces, 
examined  on  p.  35  ,  will  he  judged  only  after  special  investigations. 

Gravitational  Ccagulation  of  Aerosols 

In  view  of  the  exceptional  value  of  gravitational  coagulation  in 
the  process  of  formation  of  atmospheric  precipitation,  this  question 
ijas  been  given  very  much  attention  recently.  At  present  it  is 
possible  to  consider  it  firmly  established  that  the  Langmuir  model 
of  gravitational  coagulation  (a  large  spherical  particle,  falling 
in  an  aerosol,  made  up  of  smaller  particles  which  are  not  sedimenting 
and  do  not  affect  its  motion,  at  a  speed  equal  to  the  difference  of 
actual  speeds  of  sedimentation  of  large  and  small  particles)  may  be 
preserved  only  for  a  maximum  case  -  a  very  great  difference  in  the 
value  of  particles.  Generally  speaking  It  is  necessary  to  consider 
the  forces  of  hydrodynamic  interaction  between  particles,  depending 
not  only  on  the  relative  velocity  of  particles  of  different  value, 
but  also  from  their  speed  with  respect  to  the  medium. 

Gravitational  coagulation  has  been  studied  recently  by  three 
methods:  1)  theoretically  they  calculate  the  field  of  flow,  created 

by  a  falling  drop,  and  its  interaction  with  other  particles;  2)  in 
model  experiments  in  a  viscous  liquid  they  investigate  the 
trajectories  and  speeds  of  two  beads  which  are  sedimenting  at  a  close 
distance;  3)  they  Investigate  movements  and  coefficients  of  capture 
of  drops  in  an  ascending  current. 

Using  the  expression  derived  by  him  for  hydrodynamic  forces 
F|  |  and  fj  (;’ee  P  •  31  )  in  a  Stokes  approximation,  Hocking  [98] 
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: e r  the  t raj e t o r  1 ' - 3  i 

•r  drops.  It  turned  o 


at  .1  radius  of  a  large  drop  R  >  IS  urn  (this  conriu.  i--n  clearly 
contradicts  experiment,  see  below).  With  an  increase  of'  F  there  is 
an  increase  both  of  3  and  the  range  of  values  cf  the  ratio  r/!  at 
which  3  >  0  (at  r/R  3  1  in  a  Stoke3  approximation,  as  it  was  j  .tinted 
cut  on  p.  30,  both  particles  possess  identical  speed  and  do  n<  t 
converge).  Thus,  at  R  =  20  um  this  range  spreads  from  0.4  to  0.8, 
and  at  R  =  25  um  from  0.2  to  0.9*  Maximum  values  of  3  (at  r/R  ^  0.7) 
accordingly  are  equal  to  0.25  send  0.90  in  these  two  cases. 


Although  during  the  fall  drops  of  the  stated  value  Re^  equals 
only  0.10-0. 30,  calculation  of  the  coefficient  of  capture  in  a 
Stokes  approximation  can  lead  to  large  errors  here,  since  for  this 
it  is  necessary  to  determine  trajectories  of  the  drops,  start’ ng 
from  such  a  great  distance  p  between  them  (up  to  50  R)  at  whi  :h 
3  =  Vp/v  >  1  ( see  p .  34  ) . 

Pearcey  and  Hill  [319]  examined  this  same  problem  in  an  0 seen 
approximation.  They  used  a  simplified  form  of  Oseen  equations  for 
field  of  flow  (created  by  a  moving  sphere)  which  .s  applicable  at 
large  p/R.  The  error  committed  here  increases  with  approach  00 
the  surface  of  the  sphere.  The  field  of  flow  created  by  the  movement 
of  two  spherical  drops  is  obtained  by  the  authors  by  simple  summation 
of  the  fields  created  by  each  drop  separately,  i.e. ,  they  use  the 
zero  approximation  (see  p.  31).  which  does  .not  satisfy  exactly 
the  boundary  conditions  on  the  surface  of  the  drops.  The  error 
induced  by  this  also  Increases  with  the  drawing  together  of  the 
drops.  The  opinion  of  the  authors  that  drops  skip  past  the  zone 
in  which  these  errors  are  great  so  rapidly  that  the  latter  have 
little  reflection  on  the  final  results  of  calculations,  is 
unconvincing. 

Figure  45  depicts  the  field  of  flow  around  a  falling  drop  of 
water  with  R  a  73  um  (Re^,  ■  4).  Heavy  lines  connect  points  with 
identical  flow  rate  (expressed  in  fractions  of  fall  rate  of  the 
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Fig.  4p.  Field  of  flew  and  trajectories  of 
{.■articles  during  flow  around  a  sphere.  Re^,  =  4. 


drop),  thir.  lines  —  points  in  which  the  flow  lines  have  a  given 
angle  of  inclination  to  axis  of  movement,  where  9  <  0  if  the  flow 
lines  approach  the  axis.  As  can  be  seen  from  the  chart,  a  track  will 
bo  f  rmed  behind  the  drop  (narrowing  with  an  increase  of  Re^.) .  In 
this  track  the  . ate  of  flow  decrease  comparatively  slowly  with  ah 
increase  of  distance  from  the  drop,  and  the  flow  lines  are  directed 
toward  the  axis .  In  the  front  and  off  to  the  sides  from  the  drop  the 
speed  of  flow  decreases  considerably  faster  and  the  f  ow  ‘ines  are 
directed  to  the  sides  under  the  greater  angles.  Therefore  drop3 , 
moving  behind  a  certain  drop,  will  not  only  catch  (see  p.36  ),  but 

also  will  be  pulled  Into  its  track,  i.e.,  will  approach  the  axis  of 
flow.  The  broken  lines  in  Fig.*  45  depict  the  trajectories  of  drops, 
overtaking  the  given  d^op,  and  the  dimension  of  which  is  larger  by 
0.12  (A),  1.12  (B)  and  11%  (C)  than  that  of  the  given  drop.  Initially 
at  a  great  distance  from  the  given  drop)  these  drops  were  found  in 
one  point:  the  smaller  the  difference  in  the  dimensions  and  fall 
rates,  the  greater  Is  the  time  for  approach  of  the  trajectories  of 
both  drops.  Figure  46  depicts  the  calculations  of  the  authors  for 
values  Y a  in  function  of  ratio  (R  ~  r)/r  for  different  values  R 
(radius  of  the  larger  drop).  The  rapid  growth  of  3  with  a  decrease  of 
this  ratio  was  Just  explained.  The  growth  of  3  with  ar  increase  of 
ho ^  is  caused  by  an  increase  In  the  asymmetry  of  field  of  flow  — 
the  greater  the  Ref,  then  the  slower  is  the  reduction  in  flow  rate 
In  the  track  with  distance  from  the  drop.  The  data  in  Fig.  46  are 


130 


Fig.  ^6.  Coefficient  of  capture  during 
gravitational  coagulation  of  water  drops  (R 
in  pm) . 


calculated  on  the  assumption  that  in  the  initial  state  of  the  drop  R 
and  r  are  infinitely  removed  from  one  another.  Actually  thanks 
to  turbulence  induced  horizontal  displacements  of  drops,  and 
convection  currents,  the  systematic  approach  of  trajectories  start 
only  from  a  certain  finite  distance  between  them;  here  the  value  of 
n  is  noticeably  lowered. 

The  stated  circumstance  has  specific  importance  for  small  drops 
(r  <  10  urn),  the  convergence  of  which  when  there  is  little  difference 
in  their  sizes  occurs  extraordinarily  slowly.  Therefore,  the  curves 
for  such  drops  in  Fig.  apparently  do  not  have  a  real  value. 

It  is  clear  from  what  has  been  expounded  that  experimental 
results  cf  Tellford  et  al.  [320]  coincide  with  the  calculations 
of  Pearcey  and  Hill.  For  drops  with  r  %  70  pm  Tellford’s  value  o  «= 

=  12  disregarding  the  coupling  effect  and  o  =  3  taking  into  account 
this  effect  corresponds,  according  to  Fig.  ^6,  to  values  (R  -  r)/r  ■ 

=  0.01-0.1,  and  this  interval  corresponds  exactly  to  the  conditions 
of  Tellford's  experiments. 

Schotland  [321]  investigated  the  movement  of  two  (for  the  most 
part  identical)  steel  beads  with  r  =  0.7-7  mm,  sedimenting  in  a 
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iiqu'd  with  n  =  20  poises.  Unfortunately,  the  author  did  not 
cite  the  results  of  the  model  experiments  themselves,  but 
recalculated  them  to  the  fall  of  water  drops  in  air  with  the  same  Stk 
values.  He  considered  observance  of  equality  Re  unnecessary,  since 
he  considered  that  the  Re  in  his  experiments  was  very  small  (for  the 
above-indicated  beads  the  Re  changed  from  0.05  to  5).  Unfortunately, 
in  the  conversions  the  author  committed  an  evident  error,  and  it  is 
imposslule  from  the  text  to  determine  from  which  beads  the  given 
results  were  obtained. 

Schotland  observed  the  approach  of  two  identical  sedimenting 
beads.  True  contact  between  them  did  not  occur  due  to  viscous 
resistance  of  the  liquid  layer  (see  p.  123),  and  after  convergence 
the  beads  again  parted  in  agreement  with  the  calculations  of  Pearcey 
and  Hill.  3  equaled  ^1.7  for  Identical  beads  and  considerably  ldss 
than  1  for  beads  of  various  s-ze.  From  these  data  it  follows  that 
the  Re  in  the  experiments  by  Schotland  was  not  very  small. 

Sartor  [322]  also  tried  to  transfer  the  results  of  his  model 
experiments  to  graviatlonal  coagulation  of  fogs,  however,  he  did 
not  observe  condition  of  constancy  of  Stk  number.  Furthermore, 
during  movement  of  drops  of  water  in  a  very  viscous  medium  very 
intense  circulation  occurs  in  the  drops,  and  this  can  noticeably 
affect  the  coefficient  of  capture.  Therefore,  the  experiments 
by  Sartor  have  only  a  qualitative  character. 

In  work  of  Kinzer  and  Gobb  [323]  one  of  the  drops  (R)  was 
supported  at  a  constant  height  by  regulating  the  speed  (equal  tc 
Vg  of  this  drop)  of  the  ascending  current  of  fog  with  average 
radius  of  drops  r  =  5-7  urn  and  it  was  examined  through  a  cathetometer . 
With  an  increase  of  Vg  an  Increase  of  R  was  determined;  this  was 
induced  by  the  capture  of  other  drops,  and  from  here  3  was  calculated. 
Since  in  these  calculations  the  starting  point  was  not  the  relative 
speed  of  drops ,  but  Vg ,  i.e.,  it  was  assumed  that  little  drops  are 
stationary  with  respect  to  the  medium,  the  value  of  3,  calculated 
for  close  values  of  r  and  R,  are  strongly  minimized.. 


132 


Tr.-e  curve  ( r>,  R)  obtained  by  the  authors  has  a  rather  complex 
form:  at  R  ^  r  %  6  tar.  ?  %  1,  further  with  an  increase  of  R  (i.e., 

with  a  decrease  of  r/R)  3  decreases  to  a.Q.15  at  K  =  30  urn,  wh''  ch 
qualitatively  will  agree  with  the  calculations  of  Pearcey  and  Hill. 
Then  a  Increases  and  reaches  0.9  at  R  =  200  pm.  This  part  of  the 
curve  does  not  differ  vnriy  strongly  from  values  a,  calculated  for 
sciential  flow;  its  course  can  be  explained  by  the  fact  that  with 
a  constant  r  the  Stk  number  is  proportional  to  a.-v  /r  and  increase 
with  a  growth  of  R  [ 3  2  h  j .  With  a  further  Increase  of  R,  0  again 
decreases  to  0.19  at  R  =  1.5  null.  Let  us  note  that  in  this  range 
of  dimensions  of  drops  V,,/R  decreases  with  an  increase  of  R  [J6]. 

According  to  observations  cf  Kinzer  and  Gobb  small  drops,  faliin 
into  the  track  of  a  drop,  which  is  suspended  in  a  flow,  move  In 
little  circles  located  in  vertical  planes  passing  through  the  center 
of  the  drop,  obviously  under  the  influence  of  vortexes  formed  behind 
the  drop.  The  authors  consider  that  turbulence,  created  by  vortices 
forming  behind  all  the  drops  of  cloud,  is  the  basic  factor  in 
gravitational  coagulation.  We  will  not  expound  the  verv  complex 
and  poorly  founded  theory  of  the  authors.  We  will  only  note  that 
during  movement  of  a  sphere  in  a  viscous  medium  the  formation  of 
vortexes  with  dimensions  equal  to  the  diameter  of  the  sphere  begins 
only  at  Rer  T  100,  and  their  detachment  -  at  still  higher  values 

i. 

of  Ref  [325’i  ■  Thus,  for  drops  with  R  <  300  ;;m  tnis  theory  is  hardly 
applicable.  The  matter  is  different  during  the  fall  cf  large 
drops:  according  to  the  observations  of  Oakes  [326]  drops  wi"h 

R  =  1.8  mm,  falling  through  a  smoke  chamber,  intensively  mix  the 
aerosol  contained  in  the  chamber. 

For  determining  coefficient  of  capture  on  moving  drops  of  water 
Walton  and  Woolcock  [327]  forced  drops  to  drop  through  a  chamber 
filled  with  an  isodispersed  aerosol  made  of  spherical  particles  of 
rnethlene  blue  (r  »  1.25  and  2.5  ym) ,  however  this  method  turned  out 
to  be  unsuccessful  and  the  authors  switched  to  another  method. 

Drops  of  water  with  R  ■“  G. 25-1-0  mm  were  suspended  on  glass  threads 
in  a  vertical  tube,  through  which  an  aerosol  was  blown  from  bottom 


*...  top  wit.:,  a  speed  corresponding  V.„  of  the  drop.  Re„  comnrised 
70-8'7u.  The  r*  values  obtained  were  somewhat  below  those  calculated 
theoretically  by  Fonda  and  Kerne  for  potential  flow  around  (Fig.  P.2, 

P .  63)  . 

Walton  and  Woolcock  also  calculated  the  effectiveness  of 
precipitation  of  dus*  with  atomized  water,  blown  in  at  high  speed, 
taking  into  account  a  gradual  decrease  of  this  speed.  As  should 
have  been  expected,  in  this  case  the  effectiveness  of  precipitation 
of  snail  particles  increases  considerably. 

At  the  present  tine  tremendous  importance  has  been  acquired 
by  the  problem  of  precipitation  ?f  atmospheric  radioactive  aerosols 
with  rain .  As  can  be  seen  from  what  was  stated  above,  in  this  case 
it  is  possible,  without  making  a  large  error,  to  use  for  calculations 
the  curve  shown  in  Fig.  22  for  potential  flow  around. 

During  a  rain  May  L  32 8 ]  released  into  the  atmosphere  from  a 
height  of  8  m  lycopodium  spores  labeler,  with  J  (r  =  lS  ym) . 

Around  the  source  on  a  circumference  with  a  radius  of  10  m  were 
situated  crystallizers,  serving  for  the  collection  of  spores, 
settling  both  independently  and  also  washed  off  with  rain.  Some 
of  the  crystallizers  were  placed  under  umbrellas  —  they  picke 
m  spores,  not  washed  by  rain  drops,  but  settling  independently, 
dared  on  difference  a  determination  was  made  of  quantity  of  spores 
precipitated  with  rain  drops.  Unfortunately ,  the  dimensions  of 
the  latter  ( H  =  0.2-2  mm)  were  not  determined,  but  were  found  in 
Best  tables  [3wv]  based  on  intensity  of  rain .  Satisfactory  agreement 
was  obtained  between  results  of  the  experiments  and  theoretical 
calculations  of  precipitation  in  potential  flow. 

For  determining  the  effectiveness  of  Venturi  scrubbers  Johnston* 
el  ai .  |  .fid!  established  the  empirical  formula 
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where  ji  —  rati  v  of  volumes  of  atomized  water  and  pur',  fled  g  as,  K  - 
.-.on st  ant ..  Brink  and  Con t ant  [  33']  confirmed  this  formula  by 


experiments ,  set  up  under  plant  conditions,  with  fogs  of  phosphoric 
acid  wish  v  *  0.25-0. 75  um.  Here  3  varied  from  0.3  to  0.99- 


Theoret i cully  it  should  have  been  expected  here  that  the  curve 
obtained  (3,  Stk;  would  be  the  one  depicted  in  Pig.  22  (for  potential 


flow  around  a  sphere).  However,  as  it  is  easy  to  check,  this  curve 
can  be  easily  approximated  in  the  stated  range  of  changes  of  3  by 
the  formula  (7-9)  by  means  of  selecting  the  coefficient  K. 


At  first  glance,  the  conclusions  of  Pearcey  and  Hill  and  the 
experiments  of  Tell ford  et  al .  confirm  the  opinion  of  Boucher  [332] 
that  for  a  high  effectiveness  of  the  Vent-ui  i  scrubber  It  is 
necessary  that  the  sizes  of  drops  of  atomized  water  and  particles 
of  aerosol  are  close  to  one  another,  however,  r  particles  with 
dimensions  on  an  order  of  a  micron  or  less  these  conclusions  are 
:  s  a  lurally  i  nap  pile  ab  l.e  . 


Passing  to  influence  of  charges  on  gravitational  coagulation,  we 
will  mention  the  work  of  Pauthe nier  et  al.  [333],  who  expanded 
or.  their  previously  derived  formula5 


,  _/45d/.r  x,y  •;  i 
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(q  --  charge,  A  -  Induction  factor)  in  the  case  when  besides  gravity 
a  vertical  electrical  field  with  Intensity  E  is  ar  log  on  the 
particle.  In  this  case  to  member  W  <#•  ~  r»)  one  shou-.i  add  the 
member  jqE/rnR,  where  E  >  0  if  the  field  is  directed  downwards 
and  <0  in  an  opposite  case.  The  calculations  by  Gunn  [335],  who 
apparently  did  not  know  of  the  work  by  L.  Levin  on  gravitational 
coagulation  of  charged  fogs  [336],  are  primitive  and  are  not  cited 


From  time  to  time  reports  appear  about  the  positive  Influence 
of  the  charging  of  atomized  water  on  effectiveness  of  precipitation 
q!  aerosols  In  a  chamber  i.  337  ,  238]  ,  however  exact  quantitative 
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re  a  .-t  out  tnls  effect  are  still  lacking.  Charging  of  the  aerosol 
:  i  ••  the  corona  discharge  only  somewhat  increases  its 
prorip Itat ion  in  a  Venturi  scrubber,  to  charge  the  atomized  water  in 
the  scrub:  er,  apparently  no  one  has  tried  yet. 

bince  attractive  force  of  a  spherical  particle  with  radius  r  to 
a  drop,  on  which  vapor  is  condensed,  equal,  according  to  the 
formula  (2.13)  G~y,rRDc  (c^~  <v  cV  ,  i.e.,  it  is  changed  with  distance 
as  a  Coulomb  force,  then,  as  S.  Dukhln  and  B.  Beryagln  noted  [75], 

the  formula  of  L.  Levin, 


•V  _ 


can  be  used  for  calculating  the  rate  of  gravitational  coagulation 
of  aerosol  with  growing  drops  in  a  supersaturated  atmosphere.  For 
this  it  is  necessary  only  to  replace  in  this  formula  j  Q  j  by 

t  -rnrHD  ( c  -  cc )/c  * . 

In  the  case  of  evaporating  drops  the  rate  of  gravitational 
coagulation  should  obviously  be  decreased.  Therefore,  the  higher 
the  .humidity  of  the  gaseous  environment  the  more  effective  should 
be  precipitation  of  aerosols  with  atomized  water. 


Coagulation  During  Agitation  and  in  a  Turbulent  Flow 

Ciliespie  [339]  calculated  the  rate  of  coagulation  of  aerosols 
in  a  gradient  flow  in  the  presence  of  charges  on  the  particles.  For 
the  rate  of  coagulation  of  spherical  particles  with  radius  r^  and 
charge  with  particles  possessing  a  radius  r ^  and  charge  q?,  the 
following  formula6  Is  obtained 


0  '•*  yl r  (r,  rt)*  —  301  n 


r* 


1  ~  fciyifi 


(7-10) 


In  the  absence  of  charges  formula  (7-10)  converts  into  the  known 
form  01  of  Smoiukhovs  kiy  [3^0]. 
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We  will  review  recently  appearing  works  on  the  theory  of 
turbulent  coagulation.  The  work  of  Saffman  and  Turner  [341]  In 
principle  does  not  differ  from  the  work  of  V.  Levied  [342],  however, 
the  conclusions  are  somewhat  more  precise;  in  particular, 
consideration  is  given  to  the  distribution  of  relative  speeds  of 
coagulating  particles,  for  which  normal  (Gaussian)  distribution  is 
accepted.  For  the  speed  of  turbulent  coagulation  based  on  the  first 
mechanism  of  V.  Levich,  i.e.,  at  the  expense  of  a  difference  in 
pulsational  speeds  of  the  medium  at  a  distance  2r,  the  authors 
obtained  the  formula  of  Levich-Tunitskiy 

(7.11) 


with  a  coefficient  k  =  10.4  instead  of  the  25  for  V.  Levich  and  4 
for  N.  Tunitskiy.  For  coagulation  according  to  the  second  mechanisms, 
i.e.,  due  to  distinction  in  pulsational  velocity  of  particles, 
caused  by  different  inertia,  the  authors  obtained  formula 

<*>  =  5,7  «,  (r,  -r  r.)-  (t;  -  t,)  r' \  (7.1 2) 

where  and  -  relaxation  times  of  coagulating  particles.  Here 
for  the  mean  square  of  relative  acceleration  the  authors  accepted 
according  to  Batchelor 


(dU'tdt)*  -  l.3f'v (7.  13) 

From  formula  (7-12)  it  follows  that  the  greater  the  difference 

in  tne  value  of  coagulating  particles  the  stronger  the  second 

mechanism  of  coagulation  should  be  manifested.  The  authors 

2  7 

calculated  that  in  clouds  at  e  n  5  cm  /s  (this  value  corresponds 

approximately  stratus  clouds  during  a  weak  wind)  the  second 

mechanism  predominates  over  the  first  at  r.-r.,  >  2.3  pm,  and  at 
2  3  1  c 

e  =  1000  cm  /s  (cumulus  cloud  with  strong  convection)  -  already 

at  r  -r^  51  0.6  pm. 
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l'‘e  f'ind  a  similar  method  of  analyzing  the  problem  for  East  and 
Marshall  [343],  however,  they  did  not  use  an  expression  of  the  type 
^ 7 - 13)  for  mean  square  of  acceleration  of  the  medium  and  therefore 
could  not  obtain  formulas  for  the  rate  of  turbulent  coagulation. 

There  is  no  single  opinion  as  to  whether  or  not  it  follows  in 
coagulation  by  the  second  mechanism  to  consider  the  coefficient 
of  capture  of  particles.  In  their  calculations  East  and  Marshall 
used  values  for  3  calculated  by  Langmuir;  in  the  opinion  of  Saffman 
and  V.  Levich  [334]  it  is  necessary  to  consider  3  1.  Saffman 

is  based  on  the  model  experiments  of  Manley  and  Mason  [345]  on 
coagulation  in  a  gradient  flow,  but  the  results  of  these  experiments 
pertain  only  to  turbulent  coagulation  according  to  the  first 
mechanism  in  the  treatment  of  N.  Tunitskiy  [346].  According  to 
V.  Levich  small  particles  flow  around  large  ones  and  simultaneously 
diffus®  toward  them  by  the  first  mechanism.  The  expression  obtained 
from  this  model  for  the  effective  coefficient  of  capture,  in  the 
opinion  of  V.  Levich  is  on  the  order  of  1,  however,  if  R  a  10  J  cm 
and  e  =  1000  cm2/s^  is  Inserted  in  it,  we  will  obtain  3  »  0.05.  It 
in  necessary  to  assume  that  the  value  3  essentially  affects  the 
rate  of  coagulation  by  the  second  mechanism.  On  the  other  hand, 
the  value  a  in  this  case  probably  differs  strongly  from  its  value 
during  gravitational  coagulation. 

Frish  [347]  assumes  that  mean  square  of  relative  displacement 
of  two  particles  under  the  action  of  turbulent  pulsations  Is  equal 
to  sum  of  mean  squares  of  their  absolute  displacements,  from  which 
It  follows  that  the  coefficient  of  relative  turbulent  diffusion 
of  two  particles  is  equal  to  the  sum  of  coefficients  of  diffusion 
of  each  of  them,  and  thus,  the  theory  Smolukhovskiy  with  small 
changes  Is  applicable  to  turbulent  coagulation.  These  assumptions 
clearly  contradict  the  theory  of  turbulent  diffusion,  and  therefore 
the  conclusions  of  Frish  are  not  cited  here. 

As  V.  Levich  points  out  [344],  formulas  of  the  type  (7*11)  are 
applicable  only  in  the  case  when  turbulent  diffusion  approximates 
particles  up  to  very  contact,  i.e.,  when  at  any  distance  between 
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centers  of  particles  up  to  p  «  2r  Dfc  >>  D.  For  this,  according 
to  the  formula  £>,.  —  -J-  (e/v)"*  X1  [342],  it  is  necessary  that 

2r>2D"*(v/«)v*.  (7.1 4) 

2  3 

For  example,  at  e  *  1000  cm  /sJ  this  condition  will  be  observed 
for  r  >  1  pm.  With  conversion  of  inequality  (7.14),  i.e.,  at 
r  <  0.1  ym,  speed  of  coagulation  is  determined  by  formula  of 
Smolukhovskiy ,  i.e.,  turbulence  of  medium  no  longer  plays  a  role. 

Effectiveness  of  Collisions  of  Solid  Particles 
with  Each  Other  and  with  Macrobodies 

The  most  impcrtant  phenomena  in  aerosols,  their  precipitation 
on  macrcbodies  and  coagulation,  occur  as  a  result  of  two  processes, 
essentially  different  in  their  nature,  convergence  of  particles 
with  macrobodies  or  with  each  other  and  process  of  adhesion  or 
merging.  Convergence  of  particles  is  described  by  the  above-examined 
differential  equations  and  with  an  assigned  field  of  flow  and 
external  forces  can  be  calculated  in  principle  with  the  desired 
degree  of  accuracy.  Here  only  purely  mathematical  difficulties 
can  be  encountered.  It  is  a  different  matter  with  processes 
occurring  during  collisions.  Their  mechanism  is  very  complex  and 
has  been  studied  poorly,  and  at  present  the  effectiveness  of 
collisions  (i.e.,  probability  of  adhesion  or  merging)  cannot  be 
calculated  even  in  the  first  approximation;  it  can  be  determined 
only  from  experiment. 

The  mechanism  of  collision  of  solid  particles  with  solid  particles 
or  macrobodies  essentially  differs  from  mechanisms  of  collision  of 
liquid  particles  and  bodies  and  they  should  be  examined  in  particular. 
A  case  of  collision  of  a  liquid  and  a  solid  body  occupies  an 
intermediate  position. 

During  collisions  between  solid  bodies  it  is  possible  to 
disregard  the  viscous  resistance  of  the  thin  gaseous  layer  between 
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the  approaching  bodies.  Actually,  let  us  assume  that  a  spherical 
particle  with  radius  r  is  moving  with  speed  Vq  perpendicularly  to 
a  flat  wall.  It  can  be  considered  that  the  influence  of  viscous 
resistance  will  start  to  have  an  effect  when  the  shortest  distance  h 
between  particle  and  the  surface  reaches  a  certain  value  h0>  and 
from  this  moment  a  force  starts  to  act  on  the  particle  which  is 
obviously  twice  as  large  as  in  the  case  of  a  collision  of  two 
spheres  (p.  123) 


F 


H 


(7.15) 


In  solving  a  differentail  equation  of  particle  movement  under 
the  action  of  this  force,  we  find  that  the  particle  will  stop  at  a 
point  corresponding  to  the  value 


hf  -  (7.16) 

wh  e  re 

P  «  9t|/2ry. 

If  one  were  to  take,  for  example,  that  VQ  is  the  free-fall 
velocity  of  a  particle  in  the  air  and  that  hQ  %  0.5  r,  then,  as  it 
is  easy  to  calculate,  hf  in  all  cases  is  less  than  the  average  length 
of  free  path  of  gas  molecules,  and  with  such  a  value  for  hf  it  is 
impossible  to  speak  of  viscous  resistance  of  a  gas  layer.  Furthermore, 
in  view  of  the  microroughness  of  all  real  surfaces  contact  will 
occur  already  at  a  value  of  hf  on  an  order  of  height  of  the 
microprotrusions.  Thus,  with  the  possible  exception  of  gravitational 
coagulation  of  large  laminar  particles  which  during  fall  are 
oriented  parallel  to  each  other,  during  collisions  of  solid 
particles  with  macrobodies  and  with  each  other  apparently  direct 
contact  between  them  is  always  attained. 

It  is  known  from  the  theory  of  collisions  between  macrobodies 
that  depending  upon  material,  value,  form,  and  relative  speed  of 
colliding  bodies,  the  coefficient  of  restitution,  i.e.,  ratio 
of  relative  speeds  v^/vr  after  and  prior  to  collision  can  have  any 
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value  from  'vl  (fully  elastic  collision)  up  to  0.  The  first  case 

cake a  place  if  the  maximum  tension  H  „  in  the  zone  of  contact  is 

max 

less  than  a  certain  critical  value,  exceeding  by  several  times ,  in 
view  of  instantaneousness  of  the  load,  the  elastic  limit  of  material 
at  a  static  load.  During  a  central  elastic  collision  between  two 
equal  spheres  or  a  sphere  and  a  plane  the  maximum  value  of  repulsive 
force  equals,  according  to  Hertz  [348], 

-  Kr*V?\  (7.17) 

where  K  —  constant,  depending  on  elastic  properties  of  material,  and 
the  maximum  tension 


//**,  -  K'v7\  (7.18) 

i.e.,  does  not  depend  on  r.  It  follows  from  this  that  with 
:■  — .  x'icient ly  small  collisions  are  always  elastic:  this  conclusion 
is  confirmrd  by  the  experiments  of  Raman  [349]  and  Andrews  [3:>0]  with 
spheres  made  of  A1  and  Cu.  However,  for  very  plastic  materials, 

Fb  for  example,  the  critical  value  is  so  small  that  elastic 
collision  in  this  case  was  not  possible  to  realize. 

During  a  slanting  collision  everything  mentioned  above  pertains 

to  a  normal  (directed  along  the  line  of  centers)  component  of 

relative  velocity  Data  are  very  sparse  about  a  change  i  i  the 

tangential  component  V  Induced  by  frictional  force  between  spheres. 

As  we  will  see  below,  the  coefficient  of  restitution  V'  /V  .  nay 

i’t  rt 

he  either  larger  or  smaller  than  V'  /V  .  We  also  notice  that 

rn  rn 

during  a  slanting  collision  spheres,  under  the  impact  of  frictional 
force,  acquire  torque.  Further  It  is  known  that  during  a  slanting 
collision  with  the  wall  of  a  sphere,  rotating  to  the  same  side 
in  which  it  would  rotate,  rolling  along  the  wall,  the  angle  of 
incidence  <J>  (i.e.,  angle  between  trajectory  of  the  sphere  and  normal 
to  the  wall)  is  less  than  the  angle  of  reflection  <J>'  ;  during  rotation 
in  the  opposite  direction  $  >  . 

In  view  of  the  independence  of  H  on  r  these  regularities 

max 
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smaller  r  adhesional  force  F  ,  starts 

ad 


id  apparently  be  also  observ'd  for  coarse  aerosol  particles  at 
approx irnate ly  r  >  0.1  mm.  A 

to  have  an  effect.  In  the  first  approximation  it  is  proportional 

to  r  (oee  p.  164 ) .  Since  the  maximum  repulsive  force  during  an 

•■lastic  collision  F  „  is  proportional  to  (see  (7-17)],  then 

max 


obviously  the  ratio  F  ,/F 


increases  with  a  decrease  of  r. 


*  ■v'  '  ad'  ~  max 

Therefore  very  small  particles  adhere  even  during  elastic  collisions, 

for  /ample,  particles  of  an  absolutely  elastic  substance  -  quartz. 

The  ..ore  plastic  the  particles,  then  the  higher  the  values  of  V 

x 

arid  r  at  which  they  adhere.  The  condition  of  adhesion  can  be 
,  ritten  in  the  form 


T~ 


(7.19) 


where  -  normal  speed  of  rebound  of  particle  lr.  the  absence  of 

adhesion  force,  ft  ^  -  work  of  breakaway  of  particle  [351]  > 

Rebound  of  solid  particles  from  walls  plays  a  significant  role 
in  v:ork  of  louvered  dust  separators  (see  p.  49)  and  in  pneumatic 
Iran...  ort  of  loose  materials.  It  Is  nown  that  the  average  velocity 
of  particles  V  is  considerably  less  than  the  speed  U  of  the  airstream 
transporting  them,  and  during  transfer  upwards  through  a  vertical 
tube  -  less  than  the  effective  velocity  U  -  V0 .  Previously  this 
phenomenon  was  explained  exclusively  by  friction  during  slipping 
of  material  on  the  walls  of  the  tube.  Actually,  in  hori  ontal 
tubes  a  considerable  share  of  the  moving  material  can  move  along 
the  bottom  of  the  tube.  In  vertical  tubes  this  can  take  place  in 
the  presence  of  a  twist  In  the  flow,  and  in  these  cases  we  are 
dealing  with  friction  in  the  usual  meaning  of  the  word.  However, 
there  exists  one  more  reason  for  lag  of  particles  behind  an  airflow, 
especially  In  narrow  tubes  -  the  loss  of  tangential  speed  during 
collisions  of  particles  with  walls. 

Adam  [35*1],  with  the  help  of  high  speed  filming,  determined 
the  trajectories  and  velocities  of  particles  of  quartz  and  CaO  with 
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Fig.  47.  Trajectories  of 
particles  of  quartz  in 
line  during  flow  in  tubes 
with  walls  made  from 
different  materials. 

Scale  of  time:  distance 
between  two  points  is  equal 
to  0.000294  s. 


r  =  0.1-0. 5  mm  in  a  transparent  horizontal  tube  with  a  cross  section 

of  4  *  4  cm  at  a  speed  of  flow  of  40-90  m/s  (Fig.  47).  Collisions 

of  quartz  particles  with  glass  walls  usually  were  fully  elastic 

(point  1);  the  small  decrease  in  angle  of  reflection  <j> '  is  explained 

by  rotation  of  the  particles  after  collision  with  the  opposite  wall 

(see  p.  l4l).  Sometimes  nonelastic  collisions  were  observed 

(point  2);  these  were  connected  with  destruction  of  particles  or 

the  wall  in  the  zone  of  contact.  Here  and  were  considerably 

decreased.  On  lead  walls  all  the  collisions  of  quartz  particles 

are  nonelastic.  During  collisions  of  the  more  plastic  particles  of 

CaO  with  glass  walls  there  is  a  decrease  of  V.  and  especially  of  V 

t  J  n’ 

so  that  <j>'  >>  <p.  Therefore  these  particles  collide  much  more 
rarely  with  glass  walls  than  quartz  particles.  During  collisions 
of  particles  of  CaO  witn  rubber  walls,  on  the  contrary,  V.  is 

w 

almost  completely  lost  and  is  preserved,  i.e.,  <p'  <<  <j>.  In 
this  case  the  particles  acquire  Especially  high  speeds  of  rotation 
(up  to  700  r/s ) . 


I 

! 

.  '  :'"e  .-oliisions  of  quartz  particles  (r  =  J.P5-0.4  mm)  \ 

'-'-o  will?  of  a  tube,  during  which  the  particles  lose  part  of  ] 

_  _  ; 

'.r.-c-lr  tangential  speed,  the  mean  value  of  the  latter  V^/U  %  0.5  U. 

r  particles  of  CaO,  as  it  should  have  been  expected,  V  'U  is 
considerably  larger  (mo.85) .  It  is  understandable  that  V^/U 
decreases  with  a  decrease  in  the  diameter  of  the  tube. 

Coefficient  of  resistance  of  the  tube  to  flow  of  a  dust-air 

mixture  can  be  expanded  to  two  components,  corresponding  to  pure  ; 

i 

air  and  dust,  where  the  second  component  A  is  approximately  | 

r report ionai  to  concentration  by  weight  of  dust  c.  It  is  j 

r.uerst andabie  that  the  greater  A  then  the  less  is  V^/U ,  i.e.,  the  j 

more  energy  is  expended  on  acceleration  of  particles.  For  particles  4 

of  quarts  with  r  =  0.25-C.4  mm  A  is  almost  twice  as  large  as  for  } 

parti. ties  with  r  -  0.03-0.05  mm  (with  that  same  c),  since  the  | 

latter  are  attracted  to  a  greater  degree  by  airflow  and  therefore  | 

collide  more  rarely  with  the  walls.  For  particles  of  CaO  with  | 

r  -  0.25-0.4  mm  A  is  still  less.  | 

\ 

Many  authors,  in  studying  the  precipitation  of  solid  particles 

I 

from  a  flow  onto  solid  walls,  considered  that  particles  can  adhere  j 

to  a  wall  arid  then  blown  away  by  the  flow.  This  undoubtedly  \ 

occurs  during  a  variable  flow  rate,  but  is  improbable  at  a  constant 

speeu.  I 

i 

5 

i 

It  is  known  that  critical  dynamic  flow  rate  is  considerably  ess 
than  static  [353],  i.e.,  for  blowing  off  a  particle  which  is 
sitting  on  a  wall  a  much  higher  speed  of  flow  is  required  than  that  at 
which  a  moving  particle  can  adhere  to  a  wall.  Apparently  a  particle 
colliding  with  a  wail  adheres  to  it  only  in  the  case  when  either  it 
fails  directly  into  a  sufficiently  deep  potential  depression,  or 
at  first  rolls  or  slips  along  the  wall  until  it  reaches  such  a 
degression.  Now,  in  order  to  blow  off  the  particle  again  it  is 
necessary  to  expend  energy,  considerably  exceeding  kinetic  energy 
of  the  particle  prior  to  collision,  i.e.,  a  higher  flow  rate  is 
needed  (or  any  other  external  Influence). 
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Strong  influence  on  the  effectiveness  of  collisions  of  particles 
with  walls  is  exerted  oy  the  electrical  charger  of  one  and  the  other. 
The  method  of  photography  called  xerography  is  based  on  this:  a 
metallic  plate  is  covered  with  a  thin  layer  of  selenium,  to  which 
an  electrical  charge  of  high  density  is  transmitted.  During 
illumination  of  plate  charges  flow  from  illuminated  places  and, 
upon  placing  the  plate  in  an  airstream  containing  solid  particles 
of  dye  charged  with  the  reverse  sign,  the  particles  are  precipitated 
only  on  the  nonilluminated  places.  This  explains  the  better  adherence 
of  charged  (unipolar)  talc  disinfecting  powders  to  leaves  of  plants 
and  other  objects  in  comparison  to  uncharged  powders  [il4]. 

The  basic  method  for  increasing  effectiveness  of  collisions  of 
solid  particles  with  walls  is  the  lubrication  of  the  latter,  and 
this  method  is  obligatory  when  working  with  slot  instruments.  In 
the  work  of  Rober  which  is  mentioned  on  p.  55,  the  author  investigated 
the  effectiveness  of  different  greases.  He  deposited  different  dust 
on  plates  through  a  konimeter,  and  then  determined  at  what  speed 
of  flow  the  deposit  is  blown  off  by  a  stream  of  pure  air  from  the 
same  konimeter.  In  the  light  of  what  was  said  above  from  these 
experiments  it  is  impossible  to  make  a  conclusion  on  the 
effectiveness  of  collisions  of  particles  with  a  lubricated  plate 
at  certain  rates  of  flow,  however,  it  is  apparently  possible  to  judge 
the  comparative  effectiveness  ox'  different  greases. 

Particles  with  r  =  0. 5-1.0  pm,  precipitated  on  clean  plates, 
cannot  be  blown  off  even  at  U  "  200  m/s.  Preventing  of  particles 
with  r  =  1-5  pm  from  blowing  off  is  possible  only  with  proper 
lubrication.  Here  there  is  great  significance  in  the  properties 
of  the  oils  used  and  the  thickness  of  the  layer.  Lubricants  which 
are  insufficiently  viscous  or  applied  in  too  thick  a  layer  are  blown 
off  by  an  airstream  together  with  the  particles  of  dust  sitting 
in  them.  In  greases  which  are  too  thick  the  particles  do  not 
penetrate  and  are  easily  blown  off  from  the  surface  of  the  grease. 

Best  results  are  obtained  with  a  thickness  of  0. 1-0.5  pm  for  the 
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layer  or  -lubrication;  still  thinner  layers  hold  particles  with  r  = 

=  .’o-5  Mm  poorly.  Particles  with  r  >  5  urn,  for  example,  lycopodium 
spores,  at  a  sufficiently  high  speed  of  stream  cannot  be  retained 
by  any  lubrications. 

I.  Dergacnev  [354]  investigated  the  precipitation  of  coal  dust 
with  r  =  50-80  pm  and  at  U  *  25  m/s  on  a  plate  lubricated  with 
vaseline  and  located  perpendicular  to  the  flow.  He  found  that 
effectiveness  of  precipitation  increases  with  an  increase  in  the 
thickness  of  the  layer  of  lubrication  up  to  ^70  ym,  i.e., 
approximately  up  to  the  value  of  r,  and  further  it  did  not  change 
since  it  apparently  reaches  ICC?. 

In  the  experiments  of  Rozinski  et  al ,  [355]  particles  of  ZnS  with 
r  =  10  ym  were  precipitated  on  adhesive  tapes  at  U  *  4  m/s.  It 
turned  out  that  on  tape  with  the'  task  of  breakaway  from  a  steel 
P  1  ate  at  U  =  22  g/cm  100?  of  the  particles  adhered,  or.  the  same  tape 
with  U  -  340  g/cm  —  only  11?,  since  it  apparently  had  too  hard  a 
surface.  Probably  during  the  instantaneous  load  at  the  time  of 
collision  insufficiently  soft  plastics  behave  as  solids. 

Effectiveness  of  Collisions  Be tween  Liquid  Drops 

We  will  switch  to  collisiors  between  liquid  drops  .  The  first 
serious  investigations  of  reflection  colliding  water  drops  are 
attributed  to  Rayleigh  [356].  His  most  interesting  experiments  are 
with  two  narrow  water  streams,  disintegrated  into  separate  drops 
under  the  impact  of  sound  vibrations  and  encountered  under  different 
angles.  During  collisions  at  an  a r.gle  of  180°,  i.e.,  during  movement 
of  drops  in  opposite  directions,  they  are  flattened  upon  collision 
and  immediately  merge.  At  smaller  angles  a  crosspiece  will  be 
formed,  gradually  becoming  thinner  with  divergence  of  the  drops, 
Finally  it  bursts  with  the  formation  of  ■"-mall  secondary  drops  or 
again  starts  to  be  reduced  and  then  merging  occurs. 

Such  experiments  are  very  capricious  and  difficult  to  reproduce. 
The  presence  on  the  surface  of  drops  of  dust  motes,  drops  of  fat, 
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etc-  ,  ha;FI.y  iuwcases  the  percentage  of  effective  collisions.  The 
elect:1  leal  field  also  facilitates  merging  immensely.  In  the  opinion 
of  Rayleigh ,  drops  merge  if  any  projection  on  the  surface  of  the 
drops  succeeds  in  pressing  down  the  air  layer  during  the  short  time 
of  the  collision.  Charges  on  the  surface  of  the  drops  promote  the 
rapid  growth  of  accidentally  appearing  projections.  Extraneous 
particles  protruding  above  the  surface  also  promote  the  pressing  of 
the  air  layer  and  the  formation  of  a  crosspiece  between  drops. 

According  to  the  observations  of  Rayleigh,  in  an  atmosphere 
which  contains  a  considerable  quantity  of  gases  which  are  highly 
soluble  in  water  (S0n,  CO ^ ,  water  vapor)  the  effectiveness  of 

£  C. 

collisions  is  increased  considerably;  apparently  the  gas  layer 
is  rapidly  thinned  out  due  to  the  dissolving  of  gases  in  the  drops. 
An  analogous  effect  is  produced  by  hydrogen:  obviously,  in  view 
of  its  poor  viscosity  it  is  easily  pressed  out  by  drops. 

Based  on  interference  colors,  produced  by  an  air  layer  between 
colliding  water  streams,  Newall  [357]  determined  the  thickness  of 
layer  h.  It  decreases  In  the  direction  of  flow  and  has  a  value  on 
an  order  of  1  pm.  An  increase  in  the  speed  of  streams  and  the  angle 
between  them  leads  to  a  decrease  of  h. 

It  Is  necessary  to  mention  the  experiments  by  Kaiser  [358]  with 
soap  bubbles.  These  have  a  direct  relation  to  the  question  under 
discussion.  Kaiser  pressed  bubbles  with  a  diameter  of  3-6  cm  with 
a  force  of  20-60  ragf  to  a  flat  soap  film.  In  3-25  s  a  merging 
occurred  —  the  air  layer  vanished,  based  on  Newton’s  rings  it 
was  established  in  the  layer  that  h  in  the  middle  of  it  (vl  uni) 
is  less  than  along  the  periphery  and  continuously  decreases,  at 
first  quite  rapidly,  then  more  slowly  to  a  value  of  0.08  pm,  after 
which  merging  occurs  immediately.  The  process  of  pressing  cut  a 
layer  is  satisfactorily  descrioed  by  the  Stefan  equation  for  the 
kinetics  of  forcing  out  a  viscous  liquid  from  a  clearance  between 
approaching  parallel  disks 


where  hr  -  initial  distance  between  disks,  h  —  distance  at  moment 

t,  -  compressing  force,  R  -  radius  of  disks.  « 

i 

i 

In  the  presence  of  a  specific  difference  of  potentials  between  i 

the  soap  bubble  and  film  the  duration  of  life  of  the  bubbles  is 
sharply  reduced,  since  the  pressing  of  rlr  from  the  layer  is  strongly  ,  j 

accelerated  and  merging  occurs  already  at  h  =  0.3-0. 4  pm.  This  j 

phenomenon  is  caused  by  electrostatic  attraction  between  two  films,  I 

forming  a  plane  capacitor.  In  the  experiments  of  Kaiser  the  force 
of  this  attraction  exceeded  by  a  few  times  the  force  of  mechanical 
pressing  and,  as  it  is  easily  understood,  continuously  increased 
along  with  a  decrease  of  h,  i.e.,  an  increase  in  the  capacity  of 
the  capacitor. 

In  a  series  of  works  Mahajan  [359]  investigated  the  known 
phenomenon  of  floating  of  liquid  drops  on  the  surface  of  the  same 
liquid.  Based  on  Newton's  rings  Mahajan  established  that  in  this 
case  the  thickness  of  the  air  layer  continuously  decreases,  and 
the  movement  of  this  process  determines  the  duration  of  life  of 
a  drop  x.  The  value  of  t,  in  general,  is  proportional  to  viscosity 
of  the  liquid,  but  for  certain  liquids  (glycerine,  mercury,  saturated 
solution  of  sugar  in  water)  t  :.s  so  small  that  it  could  not  be 
measured  by  the  author.  For  water  r  =  1-2  s,  for  aniline  2-3  s,  for 
aqueous  solutions  of  soap  4-5  s,  and  for  olive  oil  several  minutes. 

The  influence  of  dust,  contaminations  on  the  surface,  and  electrical 
field  are  all  the  same  as  in  the  experiments  of  Rayleigh.  For 
obtaining  floating  drops  it  is  necessary  that  they  fall  from  a 
certain  height:  for  aqueous  solutions  of  soap  from  a  height.  >1.8  cm, 
which  corresponds  to  a  fall  rate  >60  cm/s.  With  a  decrease  of  air 
pressure  t  decreases  sharply. 

( 

M.  Aganin  [360]  forced  water  drops  with  r  =  0.5-1. 2  mm  to  drop 
on  a  glass  plate,  set  at  a  specific  angle  $  to  horizontal  and 
covered  with  a  very  thin  layer  of  water.  Merging  of  weakly  charged 
drops,  formed  during  the  grounding  of  the  capillary  tip  from  which 
they  emanated,  occurred  only  when  dropped  from  a  height  exceeding 
a  certain  critical  value  H,  otherwise  the  drops  rebounded.  The 
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experiments  were  easily  reproduced.  For  drops  with  r  =  0.75  mm, 

dropping  on  a  horizontal  plate,  H  equals  1.96  cm,  which  corresponds 

to  the  critical  velocity  of  collision  62  cm/s.  increases 

wit*,  an  increase  in  the  angle  cf  incidence  <p.  Here  the  product  cf 

V.  cos  4> ,  i.e.,  critical  value  of  normal  component  of  speed  of 
K  X* 

drop,  turned  out  to  be  the  '.,r> lue  of  the  constant,  namely  70  cm/s 
at  r  -  0.5  mm  and  ^6  cm/s  at  r  *  1.2  mm.  According  to  the 
observations  of  M.  Aganin  during  ineffective  collisions  the  charge 
of  drops  did  not  change,  i.e.,  there  was  no  contact  between  the 
drop  and  the  water  film. 

Another  picture  was  observed  when  there  were  large  charges 
(on  an  order  of  0.01  esu)  on  the  drops.  In  this  case,  as  also 
for  Rayleigh,  a  crosspiece  appeared  between  the  drop  and  the 
water  film.  It  broke  during  rebound  and  part  of  the  contents  of 
the  drop  remained  on  the  film.  The  magnitude  of  this  part  increased 
with  the  charge  of  the  drop  and  upon  achievement  of  a  certain 
critical  charge  full  merging  occurred. 

Analogous  experiments  by  M.  Aganin  with  the  dropping  of 
weakly  charged  drops  on  a  fixed  drop,  formed  on  the  tip  of  a 
vertical  capillary,  led  to  similar  results:  with  r  1  O.83  ram  and 
V  >  21  cm./s  all  the  collisions  were  effective,  at  V  <  18  cm/s  - 
ineffective . 

In  the  experiments  of  vS .  Gorbachev  and  Ye.  Mustel  [  36 1 1  water 
drops  with  r  *  O.65  mm  moved  at  the  moment  of  collision  with  a  3peed 
of  100  cm/s,  so  that  their  trajectories  formed  an  angle  of  2°.  Planes 
of  movement  of  the  drops  were  parallel  and  stood  at  an  adjustable 
distance  A  from  each  other.  With  an  increase  of  A  angle  $  becween 
relative  speed  of  drops  and  line  of  centers  also  decreased.  Here 
the  average  effectiveness  of  collisions  decreased  from  100$  at 
a  *  0  to  zero  at  4  *  1  There  was  no  overflowing  of  water  from 
one  drop  into  another  during  ineffective  collisions. 

In  the  work  by  S.  Gorbachev  and  V.  Nikiforova  [362]  they  used 
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drops  with  r  =  0-5-0.75  nun.  One  drop  was  suspended  on  end  of  glass 
sapillary  which  was  fastened  to  a  long  pendulum.  The  other  was 
placed  on  a  paraffinized  table.  By  shifting  the  table  it  was  possible 
1j  obtain  a  collision  at  a  desired  angle.  Here  the  existence  of 
an  upper  critical  speed  was  revealed.  Above  this  speed  collisiors 
were  ineffective.  In  contrast  to  lower  critical  speed  the 
upper  critical  speed  decreased  with  a  growth  of  $  from  80  cm/s 
at  0  =  10°  to  50  cm/s  at  0  *  50°,  and  to  20  cm/s  at  0  =  70°  (r  * 

=  0.75  mm).  In  this  case  during  Ineffective  collisions  overflowing 
of  part  of  the  liquid  from  one  drop  into  another  occurred. 

In  the  experiments  of  N.  Tverskaya  [363]  water  drops  with 
;•  =  0.5-1. 5  mm  flowed  out  of  a  capillary  and  fell  cn  a  fixed  drop, 
located  on  a  thin  metallic  ring  which  was  joined  electrically  with 
capillary.  The  dependence  of  the  upper  cirltlcal  speed  V.  on 

K.  I 

' ne  value  of  0  was  measured.  A  determination  was  made  of  the  value 

below  which  all  collisions  were  effective,  and  V”  above  which 
r-:r  kr 

!  I  i  collisions  are  ineffective.  In  the  interval  from  V'  to  V" 

kr  kr 

bot :.  were  observed.  Based  on  the  opinion  of  the  author,  this  is 
:tu  ed  mainly  by  pulsations  of  Incident  drops,  thanks  to  which  at 
te  time  of  collision  they  had  a  different  form.  With  a  relative 
it.  mospheric  humidity  of  50$,  r  *  1.5  mm  and  sin  0  »  0.6,  V'  *  A0 

K  I 

and  V”  *  61  cm/s ,  with  sin  0  .A  they  are  respectively  60  and  76  cm/s , 
and  with  .  in  0  11  0.2  76  and  90  cm/s.  The  films  of  colliding  drops 
which  were  made  by  N.  Tverskaya  completely  confirmed  the  visual 
■[nervations  of  Hay  leigh  which  were  mentioned  on  p.  147.  At  high 
speeds  and  angle:’  of  impact  the  width  and  lifetime  of  a  crosspiece 
forming  between  drops  are  very  small. 


Ir,  the  work  by  N.  Tverskaya  and  I.  Yudin  [  364  ]  an  Important 
'■>:. servat.  1  cn  was  made.  This  was  that  the  effectl  'eness  of  collisions 
is  increased  considerably  with  a  decrease  in  tb  dimensions  d' 
the  drops.  Already  with  a  decrease  of  r  from  1.1  to  0.7  mm  V” 
increases  by  several  times.  This  is  easy  to  explain:  the  smaller 
the  drops  tne  less  they  are  flattened  during  collisions:  furthermore, 
with  an  identical  degree  of  deformation  of  drops  the  rate  of 
;  re;v  *.  r.g  •  r.e  air  layer,  according  to  equation  (7.19),  increases 
rip;; ’7  wit;,  a  doorcase  of  r. 


150 


In  accordance  with  the  observations  of  P.  Prokhorc'  and  L.  Leonov 
about  the  influence  of  atmospheric  humidity  on  the  process  of 
merging  of  drops  [365],  the  authors  established  that  an  increase  of 
humidity  sharply  increases  the  effectiveness  of  collisions, 
especially  at  not  very  large  $.  Thus  {  with  r  *  1.15  mm  and  sin  <p  = 

=  0.73  V£  x  c5  cm/s  at  36$  and  50  cm/s  at  93$  humidity.  With 
sin  <p  *  0.65  and  93$  humidity  V”  is  so  great  that  generally  It 
cannot  be  determined. 

As  was  already  indicated,  the  process  of  collision  of  liquid 
drops  essentially  differs  from  collision  of  solid  particles.  First 
of  all  due  to  absence  of  microroughnesses  and  the  light  deformation 
of  drops  between  an  air  layer  is  formed  very  easily.  The  greater 
the  relative  speed  during  collision,  then  the  less  the  thickness 
of  the  layer  and  the  greater  the  probability  of  the  formation  of 
a  liquid  crosspiece  between  drops  due  to  microwaves  on  adjoining 
sections  of  their  surface.  Th:.s  explains  the  existence  of  a  lower 
critical  speed  and  the  rule  of  Aganln. 

Further,  during  the  collision  of  drops  not  only  is  the  narrow 
cone  near  the  surface  of  contact  deformed,  but  the  entire  drop 
completely.  The  role  of  elastic  deformation  arid  elastic  energy 
here  is  played  by  an  Increase  In  the  surface  of  a  drop  and  free 
surface  energy.  Transition  of  the  latter  back  to  kinetic  energy 
occurs  ir.  such  a  way  that  flattened  drops  assume  their  Initial 
spherical  form  and  then  repulse  one  another.  If  the  air  layer  was 
not  pierced  during  collision,  divergence  of  drops  goes  on  freely, 
if  however  a  liquid  bridge  was  formed,  the  result  of  a  collision 
depends  on  the  comparative  value  of  kinetic  energy  of  the  diverging 
drops  and  the  work  of  bursting  the  bridge.  Therefore  with  sufficient 
strong  deformation,  i.e.,  large  relative  speed  during  collision, 

It  will  be  ineffective.  Slanting  collisions  are  less  effective 
than  central,  since  during  them  tangential  component  of  speed, 
promoting  the  breaking  of  the  bridge  is  preserved  to  a  considerable 
degree . 


The  opinion  expressed  by  certain  authors  [366]  that  for 
effectiveness  of  collision  of  drops  it  is  necessary  that  the 
kinetic  energy  of  their  relative  movement  exceeds  a  specific  share 
f  their  surface  energy  contradicts  experiment,  however  with  respect 
to  collisions  of  drops  with  nonwettable  solid  particles  this  view 
is  apparently  correct  (see  below). 

From  what  has  been  stated  above  it  is  clear  that  experimental 
material  on  the  effectiveness  of  collisions  between  drops  is  rather 
crude  and  motley.  A  theory  for  a  phenomenon,  founded  on  laws  of 
hydrodynamics  and  capillary  physics,  still  does  not  exist.  Meanwhile, 
tnis  phenomenon  fully  merits  the  attention  of  theoretical  physicists. 

Effectiveness  of  Collisions  of  Liquid  Drops 
with  Solid  Walls  and  Particles 

The  mechanism  of  collisions  of  liquid  drops  with  solid  walls 
occupies  an  intermediate  position  between  the  cases  examined  above: 
as  can  be  seen  from  what  is  stated  below,  as  a  rule  an  air  layer 
will  not  be  formed  here.  The  process  of  merging  of  two  liquid  volumes 
is  absent  but  the  mechanism  of  rebound,  the  transition  of  capillary 
energy  into  kinetic,  in  this  case  is  the  oame  as  during  the  collision 
between  liquid  drops.  During  slanting  effective  collision,  when 
capillary  energy  is  insufficient  for  breaking  a  drop  away  from  the 
wall,  the  drop  usually  slips  along  it. 

In  the  experiments  of  Galllll  and  La  Mer  [367]  a  thin  stream  of 
iaodispersed  glycerine  fog  with  r  ■  1.5-5  um  was  knocked  with  a  • 
velocity  V  =  11-16  m/s  against  the  upper  side  of  a  waterproofed 
glass  plate,  located  at  an  angle  of  40°  to  horizontal.  The  scattering 
drops  in  the  deposit  formed  increased  with  a  growth  of  V  and  r, 
whereas  during  full  effectiveness  of  collisions  it  should  have  been 
opposite.  Hence  the  authors  made  the  conclusion  that  drops  rebounded 
during  the  first  collision  and  were  precipitated  in  another  place. 

The  drops  in  this  case  did  not  slip  along  the  surface.  This  is 
evident  from  the  fact  that  with  the  presence  on  the  plate  of  a 
deposit  made  from  very  fine  condensed  drops  the  latter  were  not 
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washed  off  by  drops  of  the  above-indicated  size  hitting  against  the 

plate.  Drops  with  r  *  15-20  pm  did  not  rebound,  but  slid  after 

the  collision  (in  agreement  with  the  experiments  of  Hartley  described 

below) . 

Analogous  experiments  were  conducted  by  Gillespie  and  Rideal 
[368]  with  a  fog  of  dibutyl  phthalate  (r  *  2.3  um)  on  an  untreated 
glass  plate.  At  V  <  2  m/s  a  deposit  was  not  obtained.  With  an 
increase  of  V  effectiveness  of  precipitation  increased  extraordinarily 
rapidly  and  a:  3  m/s  reached  1.  Then  it  also  decreased  rapidly, 
reached  0.1  at  4  m/s  and  again  slowly  increased.  To  explain  these 
results  is  exceedingly  difficult.  Apparently  they  need  verification. 


Pig.  48.  Effective  (a)  and  ineffective  (b)  collisions 
of  drops  of  dibutyl  phthalate  with  a  vertical  glass 
plate. 


In  another  series  of  experiments  drops  of  dibutyl 
phthalate  (r  ^  1  mm)  fell  vertically  on  a  plate 
inclined  slightly  to  the  vertical.  Films  were 
made  of  them,  illustrating  well  the  mechanism  of 
collisions  (see  Fig.  48,  depicting  effective  and 
ineffective  collision;  in  both  cases  the  drops 
slipped  along  the  plate  downwards  for  a  distance 
of  5-10  mm).  Let  us  note  that  liquid  will  form 
an  acute  contact  angle  with  the  plate,  i.e.,  there 
could  not  be  a  solid  air  layer  here. 


(a)  (b)  Further,  with  the  help  of  centrifuge,  the  authors 

measured  the  normal  force  F,  necessary  for  breaking 

the  drops  of  dibutyl  phthalate  away  from  the  plate 

and  for  drop  with  r  ■  6.8  urn  (on  surfaces  these  drops  will  form 

-4 

lenses  with  r*  ■  15  ym)  obtained  a  value  of  F  %  5*1°  dynes, 
and  for  r  »  U  ym  (r1  -3  ym)  ^9  *10  dynes.  These  values  for 
F  are  6  orders  lesB  than  the  forces,  calculated  theoretically 
by  the  authors,  necessary  for  breaking  away  of  drops  without  their 
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deformation,  since  in  reality  the  drops  are  deformed  under  the 
action  of  a  detaching  force  with  the  formation  of  a  gradually 

narrowing  neck. 

In  another  work  by  Gillespie  [369]  fogs,  obtained  by  atomization 
of  melted  stearic  acid  with  r  »  1-2  pm,  were  precipitated  on  steel 
wire  with  R  =  0.085  mm  at  rates  of  flow  of  6-26  cm/s  and  an 
investigation  was  made  of  the  distribution  of  deposit  on  surface 
in  the  function  of  angle  9  and  a  frontal  point.  Inasmuch  as  the 
Stk  number  in  these  experiments  was  on  an  order  of  hundredth  fractions 
of  a  unit,  precipitation  occurred  due  to  coupling  and  electrical 
forces.  Distribution  of  drops  was  changed  significantly  when  th& 
wire  was  covered  with  silicone.  This  obviously  indicates  that 
the  drops  shifted  (slipped)  along  the  surface  of  the  wire  under 
the  action  of  airflow. 

In  the  work  of  Hartley  and  Brunskill  [370]  water  drops  of 
Identical  size  (r  =  25-200  pm)  fell  vertically  with  a  speed  of  Vg 
on  a  surface  located  at  an  angle  $  to  horizontal.  When  the  drops 
fell  on  smooth  surfaces,  even  those  waterproofed  with  silicone, 
paraffin,  etc.,  all  collisions  were  effective.  Large  drops  bounced 
off  of  rough  surfaces  -  plates,  covered  by  layer  of  soot  or  MgO, 
and  leaves  of  plants,  covered  by  microscopic  wax  papillae.  Thus, 
during  the  fall  of  drops  with  r  <  50  pm  on  pea  leaves  all  the 
collisions  were  effective,  and  for  drops  with  r  >  125  pm  are 
ineffective,  regardless  of  $.  In  an  intermediate  region  3  drops 
with  a  growth  of  <J> .  With  a  decrease  of  surface  tension  of  water 
by  means  of  the  addition  of  large  quantities  of  methanol  or  acetic 
acid,  3  increased  noticeably  the  the  velocity  of  drops  flying  off 
was  reduced.  On  plates  covered  with  soot  3  was  still  less  than 
on  leaves.  Soot  spots  are  noticeable  on  rebounding  drops,  thus 
indicating  the  presence  of  contact  during  collisions.  This  is  also 
testified  by  the  fact  that  a  lowering  of  air  pressure  to  10  mm  Hg 
column  did  not  affect  3. 

\ 

Since  the  task  of  detachment  of  a  drop  lying  on  a  surface  is 

o 

proportional  to  or  and  decreases  rapidly  with  growth  of  contact 
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angle,  and  the  kinetic  energy  of  a  freely  falling  drop  is  proportional 
to  r  in  a  higher  degree,  these  results  are  fully  explicable  on  the 
basis  of  the  ?'"^ve-mentioned  considerations.  Hartley  and  Brunskill 
explain  the  influence  of  microroughness  of  a  surface  by  the  fact 
that  on  poorly  moistened  rough  surfaces  the  contact  angle  of 
overflowing  is  very  great.  Usually  the  measured  static  value  of 
this  angle  is  probably  considerably  less  than  the  Instantaneous 
value  during  collision  of  a  drop  with  the  surface. 

Everything  said  above  naturally  pertains  also  to  collisions  cf 
drops  with  considerably  larger  solid  particles.  The  opposite  case 
of  collisions  of  solid  particles  with  larger  drops  or  with 
moistened  walls  requires  special  consideration.  Although  this  case 
is  of  great  practical  interest  for  technology,  its  study  up  to  this 
time  consisted  mainly  in  the  selection  of  moisteners,  added  to  water 
for  increasing  the  effectiveness  of  collisions.  The  actualy  mechanism 
of  the  process  has  been  studied  very  poorly. 

A.  Taubman  and  S.  Nikitin  &  [371]  allowed  drops  of  water  and 
solutions  of  moisteners  of  the  same  magnitude  (r  %  1  mm)  to  drop 
through  a  chamber  with  polydispersed  dusts  of  quartz,  talc  (r  < 

<  2.5  um),  or  coal  (r  <  1  pm)  and  determined  the  quantity  of  dust 
captured  by  the  drops.  Certain  solutions  exhibited  twice  as  large 
a  value  9  then  water,  and  for  all  three  of  dust.  Obviously,  in 
order  for  the  wettability  of  hydrophilic  quartz  by  water  to  be 
manifested  a  certain  time  is  necessary,  and  during  instantaneous 
contact  quartz  is  moistened  poorly.  No  correlation  was  detected 
between  static  surface  tension  of  the  solutions  and  9,  however,  9 
Increases  with  a  decrease  of  dynamic  surface  tension  (i.e.,  measured 
on  the  freshly  formed  surface  of  liquid) .  It  is  interesting  that 
certain  surface-active  substances  waterproof  the  surface  of  particles 
of  dust  and  decrease  9. 

In  the  opinion  of  the  authors,  molecule  of  a  surface-active 
substance  at  the  time  of  collision  migrate  along  the  surface  of 
a  particle  and  make  it  hydrophilic  or  hydropholic.  This  is  possible, 

v 

% 
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however,  only  in  the  case  when  the  speed  of  migration  Is  greater 
' han  “he  relative  speed  of  drop  and  the  particle  at  the  time  of 

colli  si  >n . 


f.  Yermiiov  [372]  investigated  Influence  of  moisteners  on  the 
effec*  iveuess  of  trapping  PbO  (r  %  0.3  um)  in  a  direct-flow  cyclone 
with  reflux  wails.  At  high  rates  of  flow  U  at  the  entrance  into 
the  cyclone  (15  m/s)  3  is  large  (0-95)  even  during  spraying  with 
■water  and  is  increased  comparatively  little  (up  to  0.97-0.98)  with 
tne  addition  of  moisteners.  With  a  decrease  of  U,  naturally  3  drops, 
but  the  effect  of  the  addition  of  moisteners  increases:  at  U  =  1  np  s 
3^0  for  water  and  can  be  brought  down  to  0.9  by  the  appropriate 
selection  of  moisteners.  P.  Vermilov  also  did  not  detect  a 
relationship  between  effect  of  addition  of  moisteners  and  static 
surface  tension  of  solutions. 

In  the  works  of  M.  Pozln  et  a 1 .  [373J  the  influence  is  stud  ed 
of  the  wettability  of  dusts  on  their  absorption  during  bubbling 
through  water  and  it  is  shown  that  particles  of  hydrophobic  pyrite 
and  hydrophilic  barite  with  r  >  2.5  pm  are  absorbed  approximately 
equally,  and  at  r  <  2.5  pm  particles  of  pyrite  are  absorbed 
considerably  worse.  Addition  of  a  moistener  hardly  changes  9  for 
barite  and  noticeably  Increases  absorption  of  pyrite. 

In  the  experiments  of  McCully  et  al.  [37^]  a  thin  stream  of 
aerosol  made  of  glass  beads  with  r  *  2.5-25  pm  struck  against  a 
suspended  water  drop.  On  photographs  it  Is  clearly  evident  that 
some  of  the  beads  rebounded  from  the  drop.  When  the  beads  were 
waterproofed  the  percentage  of  ineffective  collisions  Increased 
considerably  and  nonrebounding  beads  remained  on  surface  of  the  drop, 
whereas  untreated  beads  penetrated  into  the  depths  of  it  . 

From  what  has  been  stated  above  it  follows  that  the  influence  of 
wettability  of  particles  starts  to  appear  on]  during  collisions 
with  little  kinetic  energy.  A  theory  of  effectiveness  of  collisions 
of  drops  with  nonwettable  particles  has  been  proposed  by  Pemberton 
(375]'  The  author  examines  an  absolutely  nonwettable  spherical 
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particle,  on  which  water  forms  a  contact  angle  9  =  180°.  As  already 

was  indicated,  the  Instantaneous  value  of  6  can  be  close  to  this 

value.  It  is  easy  to  show  that  work  of  submersion  of  such  particle 
ft  a 

is  equai  to  ~irr“cf.  In  the  opinion  of  author,  the  collision  of  such 
a  particle  with  a  large  water  drop  will  be  effective  when  the 
kinetic  energy  normal  to  the  surface  of  the  drop  of  the  component 
of  relative  speed  V  of  the  drop  and  particle  exceeds  the  task  of 
submersion.  After  using  a  computer  to  calculate  value  V  for 
potential  flow  around  a  sphere  by  particles,  the  author  constructed 
curves  (3,  Stk)  for  the  precipitation  of  nonwettable  particles. 

From  this  theory  the  influence  of  dynamic  surface  tension  of  a 
liquid  on  f  fcctivenc.-ss  of  collisions  clearly  emanates,  since  at 
the  time  v f  collision  the  surface  of  a  liquid  is  subjected  to  very 
rapid  expansion. 

Obviously  the  energy  of  full  or  partial  submersion  of  a  particle 
in  liquid  and  the  curve  (3,  Stk)  can  be  calculated  analogously  for 
any  value  of  contact  angle  of  overflow  0:  it  is  necessary  only  to 
consider  that  the  angle  0  itself  increases  with  relative  speed 
during  collision. 

It  is  necessary  to  note  that,  although  application  of  moisteners 
also  makes  It  possible  to  lower  the  concentration  of  dust  in  mines 
during  wet  drilling,  a  radical  solution  of  this  problem  Is  possible 
only  with  the  complete  elimination  of  air  getting  into  blast  hole 
[376,  377]. 


Footnotes 

'Kq  *  SrcrD.  Usually  in  works  on  coagulation  of  aerosols  they 
apply  the  Keningem  formula  for  mobility,  in  this  case 


1  +  A 


(7-3) 


‘In  "Mechanics  of  Aerosols,"  p.  271,  the  c  ,.c  solution 

of  this  equation  with  constant  K  Is  erroneously  au.  .bed  to 
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Gmolukhovskiy .  In  reality  it  was  obtained  by  Schumann  [296].  It 
can  be  written  in  the  followin'1,  sample  form: 


-m/m 


(7.0) 


where  c  —  concentration  by  weight  of  aerosol,  m  -  average  mass  of 
particles  at  moment  t 


-  =  _£  __  f  (I  -f  O.r.A'w./)  __  Kel 


t  ' 


(7-5) 


Schumann  considered  that  his  formula  is  applicable  at  any 
initial  distrioution  of  particle  sizes,  however,  he  was  not  able  to 
hive  strict  proof  of  this  assumption. 

JOn  p.  282  and  283  of  "Mechanics  of  Aerosols,"  where  the  theory 
of  polarizing  coagulation  is  expounded,  the  following  corrections 
should  be  introduced.  In  formula  (52.8)  it  is  necessary  to  correct 

5*10  for  5*10  '  .  On  p.  282,  eighth  line  from  the  bottom,  it  is 

4  6  3  5 

necessary  to  correct  10  -10  for  10  -10  ,  and  on  the  sixth  line 
0.1-10  for  0.01-1.  In  formula  (52.10)  it  is  necessary  to  drop  the 
index  1/3  at  a^. 

'*In  "Mechanics  of  Aerosols"  on  p.  289  it  is  incorrectly  stated 
that  sound  waves  which  are  discernible  by  ear  do  not  coagulate 
aerosols.  In  reality  for  this  purpose  in  practice  they  do  not  use 
ultrasonic,  but  high  audio  frequencies  (1-10  kHz). 

51  In  "Mechanics  of  Aerosols"  [33^1  this  formula  is  written  with 
an  error. 

h6B  stands  in  Gillespie's  version  of  this  formula. 
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CHAPTER  8 

TRANSITION  OF  POWDERS  INTO  AN  AEROSOL 

Adhesion  Between  Solid  Particles 

For  the  theory  of  breakaway  and  transfer  of  particles  by  an  air 
stream  the  basic  and  most  difficult  problem  is  that  of  the  magnitude 
of  force  of  adhesion  between  contiguous  solids.  At  present  this 
question  still  cannot  be  solved  theoretically,  mainly  because  the 
microgeometry  of  surfaces  in  the  zone  of  their  contact  Is  unknown. 

For  the  same  reason  it  is  impossible  to  extrapolate  the  data  of  B. 
Deryagln  and  I.  Abrikosova  [378]  about  the  value  of  molecular  forces 
between  noncontiguous  bodies  to  h  ■  0.  Experimental  data,  obtained 
with  small  (on  an  order  of  1  mm)  quartz  and  glass  beads  with  a 
freshly  fused  surface  unfortunately  are  very  contradictory.  Under 
"pure"  conditions  for  the  experiment,  i.e.,.in  a  vacuum  or  in  com¬ 
pletely  dry  air,  in  other  words,  in  the  absence  of  an  adsorption 
layer  of  moisture  on  the  surface  of  the  beads,  some  authors  (Stone 
[379],  How  et  al .  [380],  McFarlane  and  Taybor  [ 38 1 ] )  found  that  the 
force  of  adhesion  la  equal  to  zero  or  is  very  small  (on  the  order  of 
hundredth  fractions  of  a  dyne),  other*  (Bradley  [382])  detected 
adhesion  in  several  tens  of  dynes,  and  still  others  (Harper  [383], 
Tomlinson  [384])  indicate  that  adhesion  sometimes  is  equal  to  zero, 
and  sometimes  is  quite  large.  Here  almost  all  the  authors,  on  the 
basis  of  specially  conducted  experiments,  came  to  the  conclusion  that 
electrical  charges  on  the  beads  do  not  noticeably  influence  adhesion. 

It  is  possible  that  the  cause  of  these  disagreements  Is  the 
presence  of  dust  motes  which  are  difficult  to  remove  on  the  surface 
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r  the  beads,  and  this  prevents  their  contact.  This  is  indicated  by 
the  fact  that  adhesion  between  beads  which  remain  in  the  air  for  a 
certain  time  is  usually  equal  to  zero.  If  this  is  so,  then  it  would 
follow  to  consider  as  most  reliable  the  measurements  of  Bradley, 
according  to  which  the  force  of  adhesion  between  quartz  beads  (r  = 

=  0.2-0. 5  mm)  is  expressed  by  the  formula 


FaJ 


(8.1) 


in  which  o  =  35  dynes/cm.  However,  according  to  the  unique  experi¬ 
mental  data  on  adhesion  of  small  particles  [385],  Fad  is  2  orders 
less  than  according  to  Bradley. 


Fig.  49.  Adhesion  between  a 
plane  and  sphere  in  the 
presence  of  a  liquid  layer. 


In  humid  air  adhesion  is  always  considerable.  According  to 
McFarlane  and  Taybor  [381],  with  an  increase  of  atmospheric  humidity 
from  80  to  90$  the  force  of  adhesion  between  a  glass  plate  and  glass 
beads  Increases  from  ^0  to  ^mar  (o  —  surface  tension  of  water),  i.e., 
up  to  a  value  of  adhesion,  induced  by  negative  pressure  in  a  water 
layer.1  On  plates  with  a  rough  surface  (and  probably  in  the  presence 
of  dust  motes)  such  a  magnitude  of  adhesion  is  attained  only  in  the 
case  when  the  thickness  of  the  water  film  is  greater  than  the  height 
of  unevenness  (or  diameter  of  du'st  motes). 

It  is  necessary  to  note  that  beads  with  a  freshly  used  surface 
are  a  sample  of  bodies,  in  which  the  microroughness  of  the  surface  is 
apparently  very  small  and  the  radii  of  curvature  entering  into 
formulas  (8.2)  and  (8.j)  are  close  to  the  radii  of  the  beads  them¬ 
selves.  In  ordinary  dust  particles  these  radii  are  considerably  less 
than  the  semidiameter  of  the  particle  and  forces  of  adhesion  should 
Increase  strongly  during  capillary  condensation  of  moisture  close  to 
points  of  contact  of  particles. 


1 

•I 

3 


i 


* 

1 

i 
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Larsen  [386],  with  the  help  of  a  centrifuge,  measured  adhesion 
between  glass  beads  with  r  ■  67  and  84  pm  and  a  plate  in  the  presence 
of  a  liquid  layer  and  also  confirmed  formula  (8.2).  Further  he 
derived  an  expression  for  adhesion  between  beads  and  a  cylinder  in 
the  presence  of  a  layer 


-  2.W  | - ,/  4. 


\itfn 


(8.4) 


where  R  -  radius  of  cylinder,  p  -  radius  of  layer.  This  expression 
also  conforms  well  with  experiment.  In  experiments  with  oil  lubricated 
vibrating  glass  filaments  with  R  *  128  and  420  ym  and  beads  with 
r  =  55  ym,  Larsen  found  that  breakdown  of  the  beads  begins  when  the 
maximum  inertial  force  ma(2irv)  '  ,(a  -  amplitude,  v  -  frequency  of 
oscillations,  m  —  mass  of  bead)  exceeds  the  force  of  adhesion  calcu¬ 
lated  by  the  formula  (8.4),  and  is  finished  in  approximately  1  minute. 

Blow  Off  of  Particles  from  Walls  by  an  Air  Flow 


In  experiments  on  blow  off  of  beads  (r  *  8  ym)  from  a  glass 
filament  (R  =  400  ym)  without  lubrication,  Larsen  detected  a  con¬ 
siderable  (on  an  order)  increase-  in  adhesion  with  an  Increase  of 
atmospheric  humidity.  He  also  investigated  the  shifting  of  beads 
Located  on  oil  lubricated  filaments  under  the  impact  of  air  flew. 
Unfortunately,  in  the  article  by  Larsen  there  is  a  number  of  gaps 
which  prevent  a  correct  evaluation  of  the  results  of  these  Interesting 
experiments.  Numerical  data  characterizing  the  coincidence  of  theory 
and  experiment  are  not  given,  it  is  not  clear  how  the  hydrodynamic 
forces  acting  on  the  beads  were  calculated,  etc. 

The  question  vague  remains  as  to  what  starts  the  breaking  away 
of  particles  from  walls  by  an  air  flow:  are  they  detached  directly 
under  the  impact  of  hydrodynamic  force  perpendicular  to  the  wall 
(lifting),  or  at  first  do  they  start  tc  roll  or  slip  along  the  wall 
under  the  impact  of  tangential  hydrodynamic  force  and  ricochet, 
having  run  into  other  particles  o.*  unevenness  on  the  surface.  £n 
exact  calculation  of  [forces]  having  an  effect  in  tangential  and 
normal  directions  on  particles  of  various  form  lying  on  the  wall  er..> 
recessed  or  raised  above  the  laminar  underlayer  is  very  difficult. 
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For  fairly  large  bodies,  projecting  far  beyond  the  laminar  underlayer 
-  cubes  and  spheres  located  In  various  order  on  the  bottom  of  a 
water  tray  -  these  forces  were  measured  at  large  Re  by  V.  Goncharov 
ijBy],  who  showed  that  the  greater  the  lifting  fgrce  (In  accordance 
with  the  theorem  of  Zhukov),  then  the  more  complete  is  flow  around 
a  body  by  flow  In  a  vertical  plane.  Therefore  hydrodynamic  forces 
decrease  with  a  decrease  In  the  distance  between  bodies:  on  bodies, 
raised  somewhat  above  adjoining  ones,  considerably  greater  forces  act 
on  these  then  oH~4<he  latter,  etc.  Unfortunately,  numerical  data 
which  could  have  be^ff;  used  for  calculations  are  not  given  in  the  book 
by  V.  Goncharov. 

It  is  still  more  difficult  to  calcu  l@te  the  force  necessary  for 

shifting  small  particles  along  a  s'^face.  Formkcrobodles  this  is  the 

O 

well-known  force  of  static  friction,  but^-, already  for  particles  with 
r  <  0.5  mm  the  angle  of  friction  increases  noticeably  with  a  decrease 
r  [388].  Simultaneously  there  is  an  increase  in  the  scattering  of 
values  for  this  angle,  measured  for  several  particles  of  identical 

size. 

This  is  explained  in  the  following  way.  Frictional  force,  which 
In  essence  is  a  tangential  force  of  adhesion,  is  proportional 
(similarly  to  normal  force  of  adhesion)  to  the  area  of  true  contact 
between  rubbing  bodies.  This  area,  the  value  of  which  is  condlticned 
mainly  by  plastic  deformation  of  microprojections  in  points  of  con¬ 
tact,  in  the  case  of  macrobodies  as  pointed  out  by  Bowden  and  Taybor 
L3d9]  is  approximately  proportional  to  normal  pressing  force  F^,  on 
which  is  also  based  the  Coulomb  law  of  friction.  With  a  decrease  In 
particle  dimensions  (force  of  gravity  of  particle)  also  decreases 
very  rapidly  and  all  the  more  noticeable  becomes  influence  of  the 
normal  force  of  adhesion,  also  caused  by  deformation  in  the  zone  of 
contact.  In  this  case  the  area  of  contact,  and  consequently 
frictional  force,  is  proportional  to  the  sum  of  both  normal  forces, 
which  was  first  indicated  by  B.  Deryagin  and  V.  Lazarev  [390].  Since 
the  force  of  adhesion  of  particles  is  proportional  to  ^r,  coefficient 
(and  angle)  of  friction  increase  with  a  decrease  of  r. 


Further,  in  macrobodies  the  differences  in  microroughness  in 
zones  of  contact  at  Identical  are  more  or  less  averaged.  In  the 
case  of  small  particles  the  normal  rorce  of  adhesion,  and  consequently 
■che  area  of  contact,  depend  to  a  high  degree  on  the  microgeometry 
of  surfaces  at  points  of  contact,  and  therefore  change  very  strongly 
from  particle  to  particle,  from  one  orientation  of  particle  to  another, 
ana  from  one  point  of  the  wall  to  another.  This  explains  why  the 
results  of  all  experiments  on  blowing  away  of  dust  are  expressed  by 
curves:  the  rate  of  flow  is  the  %  blow  off  particles,  where  the 

speed  corresponding  to  complete  blow  off  is  several  times  greater  than 
the  speed  at  the  beginning  blowing,  even  with  lsodispersed  dust  [351]. 
Ine  same  scattering  is  obtained  during  measurement  of  angle  of  friction 
of  dust  motes.  This  circumstance  extremely  hampers  the  experimental 
study  of  the  process  blow  off  of  dust  from  walls. 

Cremer  and  Conrad  [391]  bypassed  this  difficulty,  measuring  the 
angle  of  friction  9  not  of  separate  particles,  but  of  an  uniform 
layer  of  different  thickness  of  a  more  or  le3S  lsodipersed  dust  which 
was  deposited  on  the  surface  with  the  help  of  a  sieve.  Moreover-  in 
successful  experiments  the  entire  layer  slipped  as  one  whole,  i.e., 
an  averaged  value  of  6  was  measured. 

According  to  what  was  stated  above  the  condition  of  sliding  is 
expressed  by  the  equation 


Mg  *in  •  1  i»  Mg  co*  I  +  H.  {  P  .  5  ) 

2 

where  M  -  mass  of  dust  in  \  cm  of  layer,  w  -  macroscopic  coefficient 

2 

of  friction,  H  -  tangential  force  of  adhesion,  calculated  for  1  cm  . 
Placing  their  results  in  the  system  of  coordinates  (Mg  sin  6,  Mg  cos 
9),  Cremer  and  Conrad  obtained  for  particles  cf  dolomite  and 
magnesite  with  r  >  150  urn  a  straight  line  passing  through  the  beginning 
of  the  coordinates,  i.e.,  in  this  case  H  %  0.  For  r  <  150  wm  straight 
lines  were  also  obtained,  but  they  Intersected  the  axis  of  ordinates 
at  a  point  corresponding  obviously  to  the  value  H.  The  experiments 
showed  that  the  value  Hr  •  K  for  the  given  dust  (r  -  30-150  um  and 
surface  is  constant  and  is  equal  to  1 . dynes/cm  for  magnesite  4ust 
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'to 


,  x .  ->  for  iron,  and  1.25  for  magnesite.  After  heat  treatment 

f  duct  H  decreases  by  several  times. 


Assuming  that  particles  of  dust  in  the  first  layer  are  located 

close  to  one  another  and  in  staggered  order,  we  1 ind  that  1  cm  of 

2 

layer  contains  l/9r  particles.  This  means  that  acting  on  each  is  a 

2 

tangential  force  of  adhesion  «*  9r  H  %  5r  dynes,  i.e.,  this 

force,  similar  to  a  normal  force  of  adhesion,  is  approximately 

:  roportional  to  r.2  On  the  other  hand,  Patat  and  Schmid  [393]  using 

2 

tne  same  method  found  for  carborundum  dust  on  a  steel  plate  Hr  * 

0  7 

*  const  and  for  Al^O^  dust  on  the  same  plate  Hr  •  const,  i.e,,  in 

me  first  case  F  ^  does  not  depend  on  r  (which  is  clearly  incorrect), 

a  13 

ana  In  the  second  -  proportional  to  r  . 


Batel  [399]  found  that  after  heat  treatment  of  glass  plate  and 
quartz  dust  in  a  vacuum  at  30P°  H  ■  0.  In  experiments  by  Patat  and 
Schmid  with  carborundum  dust  on  steel  under  these  same  conditions  H 
has  a  noticeable  value.  There  is  no  doubt  that  a  considerable  part 
f  the  force  FQd  Is  caused  by  capillary  action  of  the  adsorbed  water 
film,  as  also  in  the  case  of  normal  adhesional  force. 


All  the  authors  who  used  the  method  of  Cremer  and  Conrad  indicate 
that  the  macroscopic  coefficient  of  iriction  u  increases  noticeably 
with  a  decrease  of  r,  i.e.,  separation  of  the  coefficient  of  friction 
into  macroscopic  and  adhesion  components  by  this  method  does  not 
succeed.  From  the  abundant  experimental  material  collected  by  Patat 
and  Schmid  it  is  possible  to  make  only  one  conclusion  -  this  was 
about  the  great  complexity  of  the  phenomenon  being  studied. 


We  see  that  at  present  there  are  no  theoretical  calculations  or 
even  general  empirical  formulas  for  process  of  breaking  away  of 
5.- articles  by  an  air  flow.  At  first  glance  it  can  appear  that  for  this 
turfose  it  is  possible  tc  use  data  about  the  break  away  and  transfer 
f  particles  by  water  flows,  however,  as  Bagno Id  stresses  [395],  the 
differences  between  these  two  cases  are  too  deep  for  this. 


the  observations  of  Rump f  [39c]  the  greater  the 
ng  its  formation  the  more  difficult  it  is  to  blow 


:ff  a  deposit  of  limestone  dust  from  a  vertical  metal]  ic  plate, 

» seated  parallel  to  the  flow.  The  author  explains  this  by  the  nigh 
speed  of  collision  of  particles  with  the  plate.  It  is  possible  that 
here  a  plastic  flattening  of  particles  takes  place  and  an  increase 
ir.  the  area  of  contact.  It  is  also  possible  that  after  collision  the 
particles  roll  along  the  surface  until  they  reach  a  potential  well, 
t.e.,  a  position  with  a  great  fo^ce  of  adhesion.  The  greater  the 
velocity  of  a  particle,  thus  the  deeper  this  depression  has  to  be, 
and  the  more  durably  the  particle  adheres  to  the  surface. 

The  relationship  between  particle  dimension  and  critical  rpeed 
f  flow  has  been  Investigated  by  a  number  of  authors.  A.  Klimnnov 
3 9 7  J  found  that  for  fractions  of  coal  dust  with  r  =  37-52  pm  l * 

=  b  m/s,  for  r  *  21-37  ya  —  7  m/s,  and  for  0-21  urn  —  10  m/s.  /  ccordlng 
to  Jordan  [351]  for  blowing  off  (In  a  period  of  2  s)  of  501  of  a 
d< posit  of  quartz  dust  by  a  thin  air  stream  perpendicular  to  t!  e 
plate,  It  is  required  at  r  ■  3.5  ;im  that  U  ■  45  m/s,  at  2  pm  9:  m/s, 
and  at  1  pm  145  m/s.  These  data  confirm  the  position  expresses  above 
that  for  particles  with  r  <  50-100  pm  increases  with  a  deciease 
of  r.  The  data  of  Blomfield  and  Dallavalle  [398],  who  found  the 
opposite  relationship  for  quartz  dust  beginning  with  r  *  5  pm,  are 
absolutely  erroneous. 

In  the  experiments  by  Dawes  [399]  a  layer  of  ve-y  poiydisj ersed 
powder  (limestone,  chalk,  gypsum,  shale,  and  light  ashes  with 
r  *  .16-4 0  urn)  with  a  thickness  of  t  mm  and  area  of  i:>  *  17  cm  *.  r 
deposited  through  a  sieve  on  emery  paper  t'o  0,  located  on  the  bottom 
of  a  wind  tunnel  with  a  height  of.  7.5  cm,  through  shirh  air  wa  then 
blown,.  At  0  *  15-20  m/s  carrying  away  of  particles  (erosion)  ega n 
similar  to-  that  studied  by  Bagncld  [400].  The  rate  of  erosion  was 
proportional  to  0"  and  depended  to  a  great  degree  on  the  properties 
cf  the  powoer.  Of  the  various  methods  for  investigating  the 
mechanical  properties  of  powders  the  most  successful  turned  out  to  be 
determination  of  their  "cohesion"  H,  i.e.,  the  force  necessary  for 
breaking  a  colur.n  of  noncompressed  powder,  calculated  per  i  cm". 

Erosion  rate  of  powders  with  H  <  200  dynes/cm4  is  4-6  times  greater 
than  with  H  %  300  and  lu-15  times  greater  than  with  H  <  700.  Value 
H  increases  with  a  decrease  in  average  particle  d*  mens  ion  and  with  an 
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Increase  in  poiyciispersity  cf  the  powder,  especially  in  the  presence 
)f  a  very  small  fraction,  and  is  more  or  less  similar  with  the  angle 
of  natural  slope.  During  an  investigation  of  atomization  properties 
of  powders  by  a  method  similar  to  that  of  Andreasen  [401],  it  turned 

out  that  atomization  properties  in  almost  all  cases  drop  with  increase 

of  H.  Relationship  between  H  and  radius  of  particles  can  be  explained 
successfully  on  tnc  basis  of  the  assumption  that  adhesion  between 
particles  is  proportional  to  their  radius  (see  above). 

At  speeds  of  flow  exceeding  the  critical  value  U^r,  there  occurs 
'  Ln  fractions  of  a  second)  solid  blowing  away  of  the  layer,  starting 
from  its  front  edge.  For  different  powders  U.'^  varied  from  28  to  40 
it./ s  (it  maximum  value  in  these  experiments).  On  a  polished  plate 
U’  is  30£  lower  than  on  emery  paper.  Vibration  of  the  sublayer  also 
strongly  lowers  U'  ,  without  affecting  .he  speed  of  erosion.  Further, 

0^  depends  strongly  on  angle  of  slope  at  the  front  edge  of  the  layer 

-  the  smaller  this  angle,  the  greater  U'  . 

These  observations,  and  also  measurement  of  air  pressure  in 
various  points  of  the  layer  and  theoretical  calculations  of  the 
author  showed  that  solid  blowing  off  is  caused  by  an  aerodynamic 
force  acting  on  the  front  edge  of  the  layer.  Dawes  considered  that 
blowing  off  occurs  when  this  force  exceeds  frictional  force  between 
the  layer  and  sublayer.  This  force  was  determined  in  special  experi¬ 
ments.  Here  it  turned  out,  in  agreement  with  experiments  of  Cremer 
and  Conrad,  that  *  HQ  +  up,  where  p  -  pressing  pressure,  y  and  Hq 

-  constants.  However,  from  the  tables  given  by  the  author  at  is  clear 

that  the  degree  of  correlation  between  value**  U£r  and  for  one  and 

the  same  powder  is  quite  insignificant  and  the  mechanism  of  the  pro¬ 
cess  is  apparently  more  complex. 

In  the  opinion  of  author,  erosion  also  takes  place  analogously. 
When  the  tangential  aerodynamic  force  acting  on  the  surface  of  the 
layer  exceeds  the  frictional  force  of  powder  against  powder,  some 
part  of  the  layer  shifts  and  is  carried  away.  This  hypothesis  is 
poorly  confirmed  by  experimental  data;  apparently,  as  in  the  case  of 
thin  powders,  erosion  takes  place'  by  the  mechanjsm  described  by 
Hagnold  and  Chepll  [402]. 
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The  phenomena  discussed  here  are  of  great  interest  for  the 
theory  of  pneumatic  transport  of  loose  materials.  This  important 
technical  process  has  been  dealt  with  in  a  great  number  of  works  of 
an  applied  nature,  however  its  physical  bases  have  still  been 
insufficiently  studied. 

Usually  during  pneumatic  transport  in  horizontal  pipes  a  two-phase 
flow  is  observed:  along  the  bottom  of  the  pipe  a  solid  layer  of 
material  moves  comparatively  slowly.  The  speed  of  its  movement  is 
determined  by  the  tangentail  aerodynamic  force  acting  on  the  surface 
of  the  layer  and  the  frictional  force  against  the  bottom  of  the  pipe. 

In  the  case  of  coarsely-dispersed  material  a  considerable  part  of  it 
moves  by  jumps,  similar  to  the  movement  of  natural  sands.  In  the 
upper  part  of  the  pipe  the  particles  are  found  in  an  aerosol  state.3 
Small  and  soft  particles  in  rather  wide  pipes  rarely  comparatively 
collide  with  the  walls  and  their  average  longitudinal  speed  7  differs 
little  from  the  speed  of  air  U.  Large  hard  particles  in  narrow  pipes 
move  by  zigzags  from  one  wall  to  another  (see  Pig.  ^7)  and  their  7^. 
can  be  considerably  less  than  U.  The  smaller  U  is,  the  heavier  the 
particles  and  the  higher  the  concentration  of  transported  material, 

then  the  greater  the  share  of  it  which  moves  along  the  bottcm  of  the 
pipe.  Since  in  round  vertical  pipes  usually  the  flow  more  or  less 
twists  and  material  is  thrown  toward  the  walls  by  centrifugal  force, 
then  in  this  case  also  similar  phenomena  are  observed. 

It  follows  from  what  has  been  said  that  depending  on  conditions 
the  ratio  7^/JJ  can  be  changed  in  very  wide  limits,  as  this  is  also 
found  in  a  number  of  works.  Unfortunately,  only  in  the  above  mentioned 
(p.  1^2)  work  by  Adam  is  such  an  important  factor  as  hardness  of 
particles  considered.  The  observed  regularities ,  decrease  or  the 
ratio  V^/l J  with  growth  of  partible  dimensions  and  with  a  decrease  in 
the  diameter  of  the  pipe,  are  well  explained  by  the  above  consider¬ 
ations  . 


Pneumatic  and  Sound  Atomization  of  Powdery  Bodies 


One  of  the  most  important  and  still  unsolved  problems  in  the 
laboratory  Invest j gation  of  aerosols  is  the  thorough  (aggregate-free) 
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atomization  of  powders,  i.e.,  their  conversion  into  an  aerosol  with 
r:;nacf;regated  particles.  Thorough  atomization  is  required  mainly  in 
tv;  ■  cases:  in  the  obtaining  of  model  aerosols  with  desirable  pro¬ 
perties  and  during  laboratory  reproduction  of  industrial  aerosols  with 
solid  particles.  In  first  case,  by  means  of  crushing  and  elutriation 
it  is  possible  to  obtain  a  powder  with  required  average  size  and 
distribution  of  particle  sizes;  in  the  second  case  the  powder  is 
obtained  ready  for  use  from  dust-collecting  equipment.  In  the  first 
• ase  thorough  atomization  is  required.  In  the  second  sometimes  it  is 
desirabl0  to  obtain  the  same  degree  of  aggregation  which  was  possessed 
by  the  initial  aerosol,  but  this  is  easy  to  achieve  by  means  of 
partial  coagulation  of  a  completely  disaggregated  aerosol. 

For  coarse  powders  (r  >  20  urn)  thorough  atomization  is  not 
difficult  to  carry  out  with  the  help  of  an  air  stream,  but  with  a 
decrease  of  particle  dimensions  difficulties  increase.  This  can  b.e 
seen,  for  example,  from  that  fact  that  blowing  particles  with  r  <  10 
urn  out  of  an  elutrlator  occurs  extraordinarily  slowly  even  in  the 
case  when  such  particles  are  introduced  into  the  elutrlator  from 
without  [404] :  obviously  they  form  aggregates  instantly. 

The  poor  atomization  property  of  thin  powders  is  easily  explained; 
in  the  case  of  an  aggregate  moving  in  a  gradient  flow,  the  difference 
of  speeds  of  flow  In  two  points,  separated  by  distance  2r,  is  equal  to 
2rT  (T  -  gradient  of  speed  of  flow)  and  the  force  striving  to  sever 
two  adhering  particles  is  equal  to 

I 

Fm  ^  rf  -  (8.6) 

The  force  of  adhesion,  as  we  have  seen  above,  In  first  approxima¬ 
tion  is  proportional  to  r.  Certainly  in  addition  to  dimension  of 
particles  a  great  role  is  served  here  by  their  form,  mechanical 
properties  (plasticity),  and  density  of  packing,  i.e.,  number  of 
contacts  of  a  particle  with  neighboring  particles.  Therefore  it  is 
especially  difficult  to  atomize  polydispersed  powders,  in  which  the 
density  of  packing  is  considerably  greater  than  in  isodispersed 
powders.  A  decrease  in  density  of  packing,  i.e.,  bulk  density  of 
powder,  for  example  under  the  impact  of  sound  waves,  therefore 
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essentially  faci j itates  atomisation 


According  to  the  experiments  of  Davies  et  al .  [*405]  a  noticeable 
destruction  of  aggregates  of  coal  dust  with  r  on  an  order  of  1  pm  : 
occurred  when  they  were  blown  with  a  speed  U  *  170  m/s  through  a  flat 
slot  with  a  width  of  2h  =  0.08  mm.  Since  the  average  gradient  of 
speed  in  a  flat  slot  is  equal  to  (3/2)U/h,  then  according  to  the 
formula  (8.6)  for  particles  with  r  ■  1  pm  the  detaching  force 
equaled  3-6*10^  dynes.  Unique  experimental  data  about  forces  of 
adhesion  between  particles  of  this  order  of  magnitude,  obtained  by 
Beischer  [392],  lead  to  the  form ila  (see  p.  16*0 

F«*2r.  (8.7) 

from  which  at  r  *  1  pm  Fad  *  2*10  dynes,  i.e.,  a  value  of  the  same 
order  a  F^. 

Based  on  this  principle  Eadie  and  Payne  [*406  ]  designed  on 
apparatus  for  the  thorough  atomization  of  powders  in  which  powder, 
coarsely  atomized  by  an  air  Jet,  is  passed  under  a  pressure  of 
several  (up  to  30)  atmospheres  through  a  ring-shaped  slot  with  a 
width  of  10-250  pm.  By  means  of  air  sedimentometric  analysis  of  the 
aerosol  obtained  the  authors  showed  that  with  an  increase  of  pressure 
(i.e.,  speed  of  flow)  the  dimension  of  particles  coming  out  of  the 
slot  drops  only  to  a  certain  limit,  and  then  remains  constants.  In 
the  opinion  of  the  authors,  this  fact  indicates  full  disaggregation 
of  particles,  however  the  authors  apparently  did  not  make  a  micro¬ 
scopic  examination  and  in  their  short  article  there  is  too  little 
data  to  back  up  the  correctness  of  this  conclusion.  It  is  possible, 
for  example,  to  assume  that  In  these  experiments  a  critical  speed  of 
flow  was  .attained  which  no  longer  increased  with  an  Increase  of 
pressure.  It  is  necessary,  however,  to  recognize  that  disaggregation 
in  a  gradient  flow  is  apparently  the  most  promising  path  to  the 
thorough  atomization  of  powders.  1 

Another  possible  way  is  the  application  of  oscillations. 
Oscillations  of  audio  frequencies  produce  a  double  action  on  powders 
-  they  pack  them  at  small  amplitudes  and  loosen  at  large  [*407  ]. 
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Dozening  is  accompanied  by  considerable  reduction  in  cohesion  in 
powder's,  by  an  increase  of  consistency,  decrease  In  angle  of  slope 
etc.  As  Chin-Young  Wen  and  Simmons  showed  [408],  powder  made  of 
glass  beads  with  r  *  IS  pm  can  he  atomized  with  the  help  of  oscilla¬ 
tion0  of  audio  frequency.  However,  a  more  thorough  method  of  atomiza¬ 
tion  consists  of  the  simultaneous  action  of  oscillations  and  blowing 
of  air  through  a  powder. 

Morse  [409]  worked  with  highly  cohesive,  i.e.,  very  poorly 
atomized,  powders  of  gypsum  marble  (r  %  1  ym),  etc.  During  passage 
of  air  through  a  layer  of  such  powder  it  was  not  loosened,  and  the 
air  passed  through  it  in  the  form  of  separate  large  bubbles.  However*, 
with  the  creation  of  a  sound  field  with  a  frequency  of  20-670  Hz  and 
of  sufficient  Intensity  (>  110  dB)  under  the  layer,  the  layer  was 
expaned  strongly  (in  the  case  of  gypsum  by  one  and  a  half  times)  and 
greatly  improved  fluidization  (pseudoliquifaetion)  of  powder  occurred. 
In  such  a  state  with  an  increase  of  air  speed  a  disaggregated  aerosol 
should  apparently  be  blown  out  of  the  powder. 

In  certain  case  it  is  possible  to  increase  the  atomization 
properties  of  powders  by  way  of  an  insignificant  addition  of  another 
highly  dispersed  powder  Such,  for  example,  is  the  action  of  addition 
of  soot  to  limestone  dust  [410].  Addition  oxide  magnesium  is  very 
effective.  Based  on  the  experiments  of  Craik  and  Miller  [411],  the 
addition  of  1  %  MgO  with  r  %  0.03  um  to  powders  of  starch  and  sugar 
and  Nacl  with  r^5  um  considerably  decreases  the  angle  of  repose  and, 
consequently,  cohesion  in  these  powders.  Apparently  particles  MgC 
and  soot  serve  the  same  role  here  as  dust  motes  in  the  experiments  on 
adhesion  between  beads  mentioned  on  p.  159:  they  decrease  the  area 
of  contact  between  particles  of  the  powder. 

The  addition  of  a  small  amount  of  moisture,  considerably  increas¬ 
ing  adhesion  between  particles,  understandably  produces  an  opposite 
effect.  Based  on  the  experiments  of  Parker  and  Stevens  [412],  with 
the  addition  of  several  hundredth  fractions  of  a  percent  of  water  to 
powder  made  from  glass  beads  with  r  ^  0.15  mm  fluidization  of  the 
powder  is  sharply  impaired. 
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During  the  last  few  years  very  many  articles  on  fluidization 
nave  appeared.  We  will  dwell  only  on  two  problem... 

One  of  the  interesting  properties  of  fluidized  powders  which  is 
already  utilised  in  technology  C ^1 3 J  is  the  ability  of  their  flow* 
similar  to  a  liquid,  through  pipes  which  are  slightly  inclined  to  the 
Horizontal.  Initially  a  flowing  system  is  completely  homogeneous, 
but  at  a  certain  distance  begins  to  break  up  into  phases  which  are 
usual  in  pneumatic  transport  [405]. 


i.c * 


Porosity 


Pig.  50.  Fluidization  of  glass 
beads  at  different  speeds  of 
air  flow:  1.  Beginning  of 
fluidization;  2.  U  =  22.7  cm/s; 
3.  U  *  40.7  cm/s:  4.  U  -  59.6 
cm/s;  5.  U  *  78.8  cm/s;  6. 

U  ■  §8.4  cm/s 


It  is  very  difficult  to  determine  visually  what  occurs  in  a 
column  with  fluidized  powder.  A  great  step  forward  in  the  investiga¬ 
tion  of  the  fluidization  process  was  the  introduction  of  condensing 
method.  In  different  points  of  the  system  a  miniature  condensor  is 
Introduced  and  based  on  its  capacity  they  determine  the  porosity  of 
the  powder  at  a  given  point.  Figure  50  gives  result  of  an  investiga¬ 
tion  by  this  method  of  fluidization  of  powder  made  from  glass  beads 
with  r  %  100  pm  at  various  speeds  of  flow  of  air  [4l4].  As  can  be 
seen  from  ths  figure,  at  the  bottom  of  column  there  is  a  small  zone 
with  increased  porosity,  corresponding  to  the  yield  of  bubbles  of  air 
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from  the  supporting  system;  then  there  is  a  sene  cf  fluidize!  powder, 
the  porosity  of  which  increases  with  an  increase  of  U,  and,  finally, 
on  aerosol  zone.  Drop  in  concentration  of  the  aerosol  with  increase 
of  z  is  explained  by  the  fact  that  larger  particles  are  discarded  at 
a  certain  height,  but  then  drop  back.  This  phenomenon  was  studied 
thoroughly  by  Zenz  and  Weil  [415],  and  the  theoretical  calculations 
of  the  authors  satisfactorily  agree  with  data  from  experiment. 

Footnotes 


1  We  will  examine  a  layer  of  liquid,  found  between  a  contiguous 
sphere  and  a  plane  (Fig.  49).  With  a  small  value  for  the  ratio  of 

p 

radius  of  layer  p  to  radius  of  sphere  r  h  «  r(i  -  cos  0)  %  l/2r0  . 

If  both  surfaces  are  moistened  by  liquid,  the  radius  of  curvature  of 
the  meniscus  has  a  value  ^h/2,  based  on  the  Laplace  formula  negative 
pressure  in  the  layer  equals  2  cr/h,  and  cohesive  force 

f  (-’j  *)  -V  a  (8.2) 

For  two  equal  contiguous  spheres  h  is  twice  as  large  and 

f -2*v.  (8.3) 


McFarlane  and  Taybor  confirmed  this  formula  by  direct  measurements 
of  force  of  adherence  between  moistened  beads. 


7Based  on  the 
between  particles 


1 .  e . 


2r;  besides 


experiments  of  Beischer  [392]  the  force  of  adhesion 
of  Fe20^  with  r  ■  0.25  pm  is  equal  to  ^5 .10-5  dynes, 

adhesion  between  two  particles  should  be. 


ad 

according  to  theory,  half  as  much  as  adhesion  between  a  particle  and 
a  flat  wall.  Thus  we  obtain  confirmation  of  the  position  that  forces 
of  adhesion  and  friction  for  small  particles  are  close  to  one  another. 


According  to  the  observations  of  Mehta  et  al.  [403],  glass  beads 
with  r  -  48  ym  move  at  U  *  5-25  m/s  mainly  by  Jumps,  but  beads  with 
r  *  18  pm  —  the  form  of  an  aerosol. 
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THE  MOST  IMPORTANT  DESIGNATIONS 


oC 


B  -  particle  mobility 

D  -  diffusion  coefficient  of  aerosol  particles 
D  -  diffusion  coefficient  of  vapor 

o 

Dfc  -  coefficient  of  turbulent  diffusion 
E  —  field  intensity 

3  -  effectiveness  of  filter,  intake  of  sample,  etc. 
F  —  force 

Fm  -  resistance  of  medium 
F^  —  thermophoretic  force 


adhesion  force 


$  —  number  of  particles,  settling  or  passing  over  a  surface  in 
1  s;  productivity  of  a  point  source 

-  number  of  particles,  settling  in  1  s  per  unit  of  length  of 
a  cylinder;  productivity  of  linear  source  (per  1  cm  of 
length) 

G  -  velocity  of  gas  molecules 

o 

T  -  gradient  (of  velocity,  temperature,  etc.) 

T  -  temperature  gradient  in  gas 

dL 

H  -  tension  (mechanical) 

I  —  current  intensity;  number  of  particles,  settling  on  1  cm‘ 

in  1  s 

K  -  coagulation  constant 
L  -  length 
P  -  dipole  moment 

II  -  potential  difference 

Pe  —  Pec  let  diffusion  number 
Q  -  charge  of  collector,  large  drop 
R  —  gas  constant 

D 

R  -  radius  of  sphere,  cylinder,  large  drop 
Re  -  Reynolds  number  for  particle 
Ref  -  Reynolds  number  for  flow 

v/D  -  Schmidt  number  (Prandtl  diffusion  number) 

Sh  ~  Sherwood  number  (Nusselt  diffusion  number) 

Stk  -  Stokes  number 
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~  critical  Stokes  number 


1  —  absolute  temperature 
U  -  rate  of  flow  og  gas 
U*  -  friction  rate 

-  critical  flow  rate 

V  -  particle  velocity 
Vkr  -  critical  particle  velocity 

V  -  tangential  particle  velocity 

Vn  -  normal  particle  velocity 

-  relative  velocity  of  particle  and  medium 
\r 

S  -  settling  rate  of  one  particle 

Vg  -  settling  rate  of  a  particles  system 

VT  -  rate  of  thermophoresla 

c  -  concentration  by  weight  of  aerosol,  vapor 
cy  cn  -  specific  heat  capacity  of  gas 

cs  -  speed  of  sound 

8  ~  coefficient  of  settling,  capture 
f(r)  —  computing  distribution  function  of  particle  radii 
g  -  acceleration  due  to  gravity 
k  —  Boltzmann  constant 

l  -  average  length  of  free  path  of  gas  molecules 

-  average  apparent  length  of  free  path  of  aerosol  particles 

-  inertia  range  of  particles 

m  —  particle  mass 

m  -  mass  of  gas  molecule 
8 

n  r.w'ber  of  particles  In  1  cm^ 

3 

n  —  number  of  gas  molecules  in  1  cm 
g 

p  -  pressure 
q  -  particle  charge 
r  -  particle  radius 
rg  --  sedimentations!  radius 


174 


r^r  -  projected  radius 

r  -  median  radius 
m 

t  -  time 

t  -  period  of  oscillations 

a  -  coefficient  of  absorption  (sound),  coefficient  of  accommodation 
Y  -  particle  density 
Y  -  density  of  gas 

o 

t  -  elementary  charge;  turbulent  energy,  scattering  in  1  s  1  g  of 
medium  (dimension  of  cm  /a  ) 

-  dielectric  constant 

n  -  viscosity  of  medium 
6  -  vectorial  angle 
k  -  form  factor 

-  thermal  conductivity  of  particle 
*  -  thermal  conductivity  of  gas 

u 

v  -  kinematic  viscosity 

-  turbulent  viscosity 

p  -  distance  from  center,  axis 
o  -  surface  tension 
t  -  relaxation  time 

♦  —  space  factor,  volume  concentration 
X  —  thermal  conductivity 
^  -  coefficient  of  drag 
w  -  f  ngu!ar  frequency 
fl  -  energy ,  work 
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Ya,  ya 

*  ye  initially,  after  vowels,  and  after  h;  e  elsewhere. 
WKen  written  as  in  Russian,  transliterate  as  y8  or  6. 
The  use  of  diacritical  marks  is  preferred,  but  such  marks 
may  be  omitted  when  expediency  dictates. 
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FOLLOWING  ARE  THE  CORRESPONDING  RUSSIAN  AND  ENGLISH 
DESIGNATIONS  OF  THE  TRIGONOfCTRIC  FUNCTIONS 
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sin 
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cos 

tg 

tan 

ctg 

cot 

sec 

sec 

cosec 

CSC 

■h 

sinh 

ch 

cosh 

th 

tanh 

cth 

coth 

sch 

ssch 

each 

csch 

arc  sin 

sin”1 

arc  oos 

cos”1 

arc  tg 

tan”1 

arc  ctg 

cot”1 

arc  sso 

see”1 

arc  cosso 

esc”1 

arc  sh 

sinh”1 

arc  ch 

cosh”1 

arc  th 

tanh”1 

arc  cth 

coth”1 

arc  sch 

ssch”1 

arc  each 

csoh"1 

rot 

curl 

lg 

log 
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